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ABSTRACT 
This research investigated popping in automotive waterborne basecoats. The focus of 
the project was directed toward the dehydration and paint application phases. First, the 
dehydration phase was studied, and several experiments were conducted in factory simulated 
settings. Different dehydration temperatures and line speeds were utilized. The film 
formation was examined on a molecular level with Scanning Electron Microscopy (SEM). 
Against expectations, the film morphology did not reveal any features that could be used to 
predict popping occurrences. 
Second, three paint application parameters: flow rate (FR), atomizing air (AA), and 
distance of the applicator tip from the substrate (D), were investigated. A full factorial 
analysis with three factors and two levels was performed to determine the significant 
factor(s) that influence popping. Results of runs from the initial factorial analysis indicated 
that the flow rate was the most significant parameter which affected popping occurrences. As 
a result, a new flow rate range was selected and factorial analysis repeated. Again, as the 
flow rate decreased, the number of pops decreased. In the second set of experiments, the 
distance from the substrate (D) also appeared to be a significant variable. The relationship of 
film build with popping and its dependence on FR, AA, and D, was studied as well. 
This work suggests that the dehydration rate of waterborne paints is not the only 
factor affecting solvent popping. Since the number of pops could be increased or decreased 
by varying paint application parameters, dehydration alone is not sufficient to explain 
popping. 
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CHAPTER 1-INTRODUCTION 
1.1 Automotive paint process and waterborne paints 
The automotive industry is a very important sector in the economy of North America as 
well as several other countries around the world. The car manufacturing process is very 
complex and involves several stages. The paint process in particular is not only complex, but 
expensive at the same time. The material and energy use, and waste generation by 
automotive paint processes is very significant. Although the cost of painting a vehicle was 
estimated at only $345 per car, in 1995 (Perceptron, 2001), efforts are being made by both 
the automotive and automotive paint manufacturers to reduce the cost and the environmental 
effect of the painting process. 
The automotive paint application phase contributes the most to emissions when 
compared to other vehicle manufacturing processes (Papasava et al, 2001). It is estimated 
that the paint process accounts for 99% of emissions generated by automotive plants (DCX, 
2004). In the past few years the use of waterborne coatings has increased, not only in the 
automotive industry but also in other areas of the coatings industry (Imai & Tsubouchi, 
1980), (Tardiff & Altermatt, 2002). The reason has been to reduce the ecological pollution 
from (organic) solvent based coatings, and the ever-increasing cost from petroleum-based 
solvents. The use of solvent-borne basecoats in the automotive industry was 57.7% and 
waterborne 42.3% in 2004 (Crawley, 2005). It is predicted that the use of waterborne 
basecoats will increase by 17.5% by the year 2009 (Crawley, 2005). 
Although waterborne coatings are environmentally friendlier, many aspects of their film 
formation properties remain unclear. A great number of studies were conducted in effort to 
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understand the mechanisms that ensure transition from a colloid dispersion (latex) to a 
continuous film. Understanding of the science of the sub-processes involved in using 
waterborne paint (spraying, dehydration, curing) will lead to reductions in energy and 
materials use. 
The automotive painting process includes the following modules: cleaning, pre-
treatment, e-coat, primer, basecoat and clearcoat. The body in white (BIW) goes through a 
waterborne pre-treatment process, where it undergoes a number of dip and rinse stages. This 
phase, also known as the phosphating stage, prepares the BIW for application of coatings. 
Then the BIW enters the e-coat and primer where anti-corrosion layers are applied. The BIW 
is now ready for application of color coat (basecoat). In this phase the BIW is sprayed with 
either waterborne or solvent-borne basecoat. If the basecoat is solvent-borne then a short 
flash time at ambient temperature is needed for evaporation of volatile solvents. Waterborne 
basecoats however, need a longer flash time (5min on average) at elevated temperature, and 
to accommodate this, a dehydration stage is added to the process. The dehydration oven 
includes convection and possibly infrared (IR) heating. Then the vehicle body is sent to 
clearcoat application and curing. The clearcoat gives the glossy finish to the car, and it also 
adds protection to the other layers for longer durability of the finish. A simplified process 
flow common for most automotive paint systems is described in Figure 1. 
m 3re-treatmen^ 
(phosphate) — • e-coat oven — * • Primer oven Basecoat pehydratior Clearcoat 
FIGURE 1- AUTOMOTIVE PAINT PROCESS FLOW 
Waterborne basecoat (latex) requires dehydration prior to the application of the solvent-
borne clearcoat. After dehydration and clear coat application, surface imperfections in the 
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form of pinholes, pops or craters, that are visible to the naked eye, are sometimes created. 
There are several theories that try to explain the popping phenomena at the microscopic and 
macromolecular level. One theory states that after the latex particles coalesce a skin is 
formed at the surface of paint and water is trapped inside the bulk. During curing at elevated 
temperatures, the trapped water boils and penetrates through the skin and clearcoat leaving 
behind the craters. Another theory is that air voids that are left behind after the water 
evaporates from the basecoat, cause the surface paint to sag, resulting in a thicker water-
laden paint film, and so lead to popping. Other theories hypothesize that the paint application 
(as opposed to dehydration) are the cause behind popping. However, it is not completely 
clear what are the real factors affecting popping. 
1.2 Objectives of this project 
Since it is not clear if popping occurs due to variables in the dehydration of film 
formation or due to paint application parameters, it was the objective of this project to 
consider both possibilities. Initially, an extensive literature review was performed related to 
waterborne paints. Then the experiments were planned and divided into two groups: 1. 
dehydration phase, and 2. paint application phase. 
1. Dehydration Phase 
The film formation during dehydration was considered and the objectives for this part 
were: 
i. to investigate the effect of dehydration temperature in popping occurrences 
using electrostatic bell applicators (all other conditions ,except line speed, 
constant) 
ii. to observe the film morphology with and w/o popping using SEM 
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iii. to establish a relationship between popping and film formation 
2. Paint application Phase 
The effects of the application parameters: paint flow rate (FR), atomizing air (AA), 
and distance from the panel (D) were investigated using non-electrostatic bell applicators on 
robots for paint application. By adjusting the AA it is possible to get different drop sizes of 
paint. This is important in achieving the required transfer efficiency, which is the ratio of 
mass of solid paint deposited on the target to that dispersed from the applicator. The distance 
(D) refers to the distance of the robot applicator tip to the panel being sprayed. The design of 
experiment (DOE) technique was used to create the matrix for experimental conditions and 
analyze the results. The objectives set for this aspect were: 
i. to investigate the effect of three application variables and their interactions on 
popping occurrences using a full factorial analysis 
ii. to determine the significant parameters so that popping and non-popping conditions 
are achieved consistently 
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CHAPTER 2-LITERATURE REVIEW 
It is important in any study to be familiar with the previous work conducted in the 
area. A thorough literature review would reveal the latest developments related to the topic 
under study, and the results reported in literature could be helpful in the layout of the new 
research path. 
2.1 Drying and coalescence of waterborne paints 
Many researchers have studied the drying of lattices and have formulated theories that 
explain the film formation mechanism. A latex is a colloidal dispersion of polymer particles 
in an aqueous solution (Keddie, 1997). 
Vanderhoff et al. (1965) explains the film formation of the drying latex with the wet 
sintering mechanism. According to this mechanism, latex film formation occurs in three 
distinct stages (Keddie, 1997). The first stage has a constant water evaporation rate and the 
particles start to pack into a dense array. In the second stage the rate of water loss decreases 
and surface particles come into contact with air as well as into closer contact with each other. 
The coalescence in stage two is caused by the particle-water interfacial tension. During the 
third stage particles continue to coalesce and mature, and the water loss is achieved by 
diffusion through the polymer itself (Keddie, 1997). 
Dillon et al. (1951) proposed the dry sintering mechanism for latex film formation. 
The driving force is the contact angle between particles and the surface free energy at the 
interface of polymer with air. This method however, does not explain the fact that water 
evaporation and film formation processes occur simultaneously (Sheetz, 1965). 
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Brown (1956) was among the first to mention that capillary pressure from the 
interstitial water and polymer surface or polymer/water interfacial tensions are the driving 
forces of film formation. He also showed that the capillary pressure of the air-water interface 
plays a role on latex film formation. 
Sheetz (1965) studied the film formation of drying latex trying to explain the 
mechanism behind it. His theory introduces a new driving force for latex film formation - the 
heat of surrounding air. The heat induces water evaporation, which in turn increases the 
water diffusion through polymer particles. Sheetz (1965) explains that during the first part of 
particle coalescence, forces such as wet sintering and capillary forces play an essential role. 
At later stages, diffusion of water through polymer particles is the leading factor in film 
formation. The role of diffusion as a driving force is illustrated by making an analogy with a 
water vessel that is covered by a piston. The piston allows water vapor movement through it, 
but not water in a liquid state. Under low relative humidity (RH) conditions the water vapor 
will leave the vessel, and the liquid water will apply a negative pressure on the piston. This 
pressure cannot be greater than the osmotic pressure of water. Experiments conducted at 
240°C and 24%RH, showed that at high percent solids (around 65%) the composition of 
latex affected the drying rate (Sheetz, 1965). 
Croll (1986) is the first to introduce the receding drying front model for latex paints. 
According to Croll (1986) as the water recedes a dry layer is formed on top of the wet layer 
in the film profile. Croll's theory of drying latex involves only two stages. He compared the 
drying behavior of acrylic latex paints with pigmented slurries. The weight loss of the drying 
mica was recorded as a function of time. Croll (1986) found that during the first stage the 
water evaporation rate was constant with time, but about 25% lower than the water 
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evaporation rate. The lower evaporation rate was explained with the reduced surface area 
due to the high concentration of particles. Croll (1986) showed that the drying rate was not 
dependant on particle size or film thickness. During the second stage the water evaporation 
rate decreases due to reduction of the evaporation surface. When the evaporation rate is very 
low the diffusion through the polymer is considered the driving force of water loss (Croll, 
1986). 
Eckersley and Rudin (1994) used gravimetry and environmental-scanning electron 
microscopy (ESEM) to study the drying of poly (methyl methacrylate-co-butyl acrylate). 
They used Croll's model to fit their data and observed that the model described the drying 
behavior accurately. However, the ESEM analysis showed a different picture. A skin was 
observed during drying of latexes before the water evaporation process was complete. The 
authors postulated that since the water loss continues after skin formation, the skin might be 
sufficiently porous (Eckersley and Rudin, 1994). 
Dobler et al (1995) investigated latex film formation during the second stage using 
iridescence. Authors found that the particle coalescence took place as the latex film was 
immersed in water, indicating that the water interfacial tension was sufficient enough to start 
the particle coalescence. However, it was found that the water-particle interfacial tension had 
little impact on film formation as well as particle deformation when standard conditions 
(temperature and RH) were maintained (Dobler et al, 1995). Experimental results showed 
that the film formation occurred much faster when water evaporated than when particles 
were immersed in water (Dobler et al, 1995). The authors postulate that water evaporation is 
the driving force of film formation. If the coalescence is conducted at conditions higher than 
limit temperature and RH, the water-particle interfacial tension takes over, and the 
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coalescence occurs faster than by the influence of evaporation of water alone (Dobler et al, 
1995). They support Sheetz's theory as the most suitable for describing coalescence of latex 
particles. 
Roth & Dutcher (2003) measured the glass transition temperature (Tg) using 
ellipsometry. The Tg was measured for free standing films as well as for films supported on 
native oxide layer of silicon and gold-covered Si substrates (Roth & Dutcher, 2003). The 
decrease of film thickness was linearly related to the decrease of Tg, for the free standing 
films. For thin and thick films supported on substrate Tg showed little change (Roth & 
Dutcher, 2003). Experiments also showed that water acted as a plasticizer and reduced the Tg 
value. For thin films the Tg decrease was affected by the polymer type (Roth & Dutcher, 
2003). 
The effect of substrate and film thickness on Tg was also studied by Petersen & 
Johannsman (2002). The free standing films showed a faster decrease of Tg compared to the 
supported ones (Petersen & Johannsman , 2002). The results of simulations and experimental 
results suggest that the effect of the free surface is to lower the Tg value, while that of the 
substrate is to increase the Tg value (Forrest et al, 1996). 
The ellipsometry and environmental scanning electron microscopy (ESEM) 
techniques were used by Keddie et. at (1995) to study the rate limiting step of drying acrylic 
lattices. The authors found that the film formation occurred in four stages. This was a new 
finding as opposed to two and three stages reported by other researchers. An intermediate 
stage was present at drying temperatures close to Tg. On this stage the water evaporates from 
the voids between the particles, but particles have not deformed enough to close the air voids. 
The time that the intermediate stage was present was an inverse function of the Tg. It was 
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found that when the drying temperature of the latex was above Tg evaporation of water was 
the rate-limiting step. While the deformation of latex particles was the rate-limiting step 
when the temperature of the latex was near Tg (Keddie et al, 1995). 
The drying of acrylic latexes was investigated by Heuts et al (1995). The difference 
of these experiments from the ones conducted by other researchers was the substrate where 
latex was applied. Instead of pouring the latex in a Petri dish, the latex was applied on cold 
rolled steel panels. This led to different results from the ones reported before. The drying of 
lattices poured in Petri dish was similar to the one described by Eckersley (Heuts et al, 1995). 
At first the water loss was constant, but after some time the rate decreased until it came close 
to zero. Vanderhoff and Croll drying models of drying also were consistent with these 
findings (Heuts et al, 1995). Different behavior was observed for steel panels. The rate of 
water evaporation was not constant at the beginning of film drying process and the time of 
drying was shorter. The diffusion of water from the air immediately in contact with the latex 
film was considered the rate limiting step of water loss (Heuts et al, 1995). 
The atomic force microscopy (AFM) technique was used by Song et al (2000), to 
study the peak-to-valley distance or corrugation height of latex particles during stage three of 
film formation. The authors also worked on a theoretical relationship between the peak-to-
valley distances and surface diffusion coefficients. AFM images showed that annealing time 
and temperature affected surface morphology. It was found that the peak-to-valley distance 
decreased at high temperatures and long annealing time (Song et al, 2000). The dependency 
of corrugation height with temperature and annealing time for poly (butyl methacrylate) 
(PBMA) with alkali soluble resin (ASR), was also investigated by Park et al (1998). The 
corrugation height was found to decrease with annealing time and temperature. They also 
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found that polymer diffusion was increased for films containing ASR independent of 
annealing temperature (Park et al, 1998). 
Feifei and Dale (1996) studied the kinetics of latex film formation using the AFM, in 
order to obtain corrugation height data as a function of time, temperature, molecular weight, 
and particle size. The deformation of latex systems was anisotropic, and the lateral 
dimensions in the plane of the film did not change during film formation. However, during 
film formation there was a change in dimensions normal to the film's plane (Feifei & Dale, 
1996). In wet conditions the pressure changed as the radii of curvature of the water meniscus 
and particle shape changed (Feifei & Dale, 1996). The same behavior was observed as the 
particles were deformed under dry conditions. The film formation process was described as 
follows: water evaporates and particles get closer to each other. When enough water has 
evaporated, the interstitial spaces are empty and a negative capillary pressure develops. This 
pressure creates a compressive stress that is exerted into particles in order to reduce the void 
space. The magnitude of compressive stress will increase as the water evaporates and the 
radius of curvature of the water in the upper layer decreases (Feifei & Dale, 1996).In rigid 
particles (do not deform) the evaporation of water will cause the upper surface to sag creating 
cavities in the interior of the film (Feifei & Dale, 1996). 
Niu et al (1996) studied the internal and external parameters that affected the 
coalescence near film-air (F-A) and film-substrate (F-S) interfaces using step scan 
photoacoustic (SSPAS) Fourier transform infrared (FT-IR) spectroscopy and attenuated total 
reflectance (ATR). Both techniques give information about different surface depths of film 
and also determine the interactions at a molecular level (Niu et al, 1996). The polymers used 
were polystyrene (p-sty) and poly (n-butyl acrylate (p-BA). The intensity data showed that 
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there was stratification of p-sty near the F-A interface, but there was no indication of 
stratification near the F-S interface. The authors also measured the T„ and found two 
different temperatures (-52°C and 98°C) near the F-A, corresponding to p-BA and p-Sty 
respectively. The two temperatures show that there are two different phases in latex film, so 
the two polymers have not coalesced completely (Niu et al, 1996). An interesting finding was 
that traces of water molecules were detected near the F-S interface at 1 lum from the 
substrate. At 22 jam from the substrate the latex particles had coalesced into a continuous 
film. The same pattern was observed from the F-A interface toward the depth of the film. The 
two interfaces met at a midpoint known as the transition depth that was dry and particles had 
completely coalesced (Niu et al, 1996). 
In addition Rudin & Vandezande (1995) studied the effect that surfactant type, as 
well as water and latex particle size on film formation of vinyl acrylic latexes. They found 
that Tg of latex was not a function of the particle size. It was also observed that minimum 
film formation temperature (MFT) of latexes with no surfactants on their composition 
increased with the increase of latex particle size (Rudin & Vandezande, 1995). It was 
hypothesized that the increase in latex particle size adversely affects coalescence, since the 
latex-water interfacial tensions are reduced. The larger particle size latex with no surfactant 
was found to dry faster than latex with smaller particle size (Rudin & Vandezande, 1995). 
This result was explained with the fact that the density of the stabilizers on the surface of the 
latex was high and as a result it increased the resistance to coalescence and allowing more 
water to evaporate (Rudin & Vandezande, 1995). The addition of a coalescing agent 
(ethylene glycol monobutyl ether acetate) did not affect the drying time. Measuring drying 
rate with gravimetric methods showed that initially large and small particles had the same 
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rate of water loss, up to 95% water loss (solid content 93.5%). Those results were found in 
agreement with the two stage drying theory introduced by Eckersley & Rudin (1994). 
Another observation was that materials that coalesced more readily formed a skin before the 
film was dry, but the skin layer was porous enough to allow transport of water. The water 
plasticizes latex; this was proved by the change on Tg as the latex dried (Rudin & 
Vandezande, 1995). 
The drying and curing rates of acrylic automotive topcoats were studied with 
dielectric analysis (Shepard, 1995). It has been shown that conductivity is inversely related to 
the change in viscosity of the paint, and resistivity is a function of temperature and degree of 
reaction of the resin. As the sample looses solvent, the resistivity shows an increasing trend, 
because the paint is more viscous and the solvent concentration is lower. The experiments 
were conducted with water based acrylic basecoat. It was found that the initial resistivity was 
much lower compared to solvent based basecoats. This fact indicates that the water based 
basecoats dry slower than the solvent based counterparts (Shepard, 1995). 
Haas and Quijada (2000) investigated the evaporation rate of polymer and sol-gel 
solutions during spin coating, in relation to skin formation. The interferometry technique was 
used to evaluate the evaporation rate changes, and so to determine the presence or absence of 
a skin layer that would impede further evaporation. It was found that the evaporation process 
was present during the whole spin coating process, even though the first stages of spinning 
were not controlled by evaporation rate. The tests also showed that evaporation rates of both 
polymeric and sol-gel solutions were close to those of the pure solvents, as a result indicating 
the absence of the skin layer. The evaporation rate is not fast enough to have a changing 
affect on the top surface. Event though the results are important, they can not be linked 
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directly to waterborne coatings, since the samples used had volatile solvents (chlorobenzene 
and tetrahydrofuran) (Haas and Quijada, 2000). 
Okazaki et al. (1974) studied the drying behavior of water soluble polyvinyl-alcohol 
(PVA) coated film. The study concentrated on diffusion of water as well as the film 
shrinkage caused by water evaporation. Diffusion coefficients were measured at different 
concentrations. For the low concentration of polymeric solution it was found that diffusion 
coefficients were independent of concentration, and increased with increasing temperature. 
However, for high concentrations it was found that diffusion coefficients followed Fick's 
law, and there was a higher dependency of diffusion coefficient on temperature. Authors 
postulate that film shrinkage may occur during the drying process and the shrinkage would 
be equal to the amount of solvent evaporated (Okazaki et al. 1974). 
2.2 Waterborne Paint Application and Popping 
The use of waterborne paints is related to surface imperfections during curing, and 
this is a disadvantage when compared to the conventional solvent-borne systems (Imai and 
Tsubouchi, 1980). Some of the problems with waterborne coatings are popping and paint 
sagging. Popping is explained as the violent eruption of the entrapped solvent in the film 
during the curing process (Schoff, 2004). According to Schoff (2004) popping can have 
different appearances on the film surface such as: craters, pinholes or bubbles. 
Automotive plants that are switching to waterborne basecoats are faced with the 
obstacle of facilitating the long flash time needed before clear coat is applied. This is an issue 
because most plants do not have the required space (43m) and also the production time to 
allow for a 5 min flash-off (Tardiff & Altermatt, 2002). In order to reduce the flash-off time -
in the absence of space and need for fast production alternatives other than simple hot-air 
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drying are considered. An accelerated flash method was investigated by Tardiff and 
Altermatt (2002). The purpose was to achieve basecoat dehydration within two minutes and 
at the same time maintain the solids level within specifications. The combination of infrared 
and convection heat application during basecoat dehydration were investigated. Dehydration 
during gentle and harsh conditions (100°F, 200F) was performed, but no results in relation to 
popping were reported. Dehydration consists of three stages: diffusion, evaporation and 
dispersion. If evaporation rate is greater than diffusion rate a skin forms in the water-air 
boundary layer, and so reducing water evaporation to a minimum. The water trapped inside 
the film is then released during curing causing popping imperfections. It was found that film 
thickness played a role in popping. However, this was true for some but not all types of 
paints tested. The dehydration process tries to maintain an equilibrium between diffusion (the 
rate limiting step) and evaporation, making the use of waterborne coatings a feasible 
alternative (Tardiff & Altermatt, 2002). 
The popping issue has been investigated not only with automotive basecoats, but also 
with paints used for heavy-duty equipment. Hazelwood (1998) investigated the factors that 
lead to popping using design of experiments (DOE) analysis. He considered five factors and 
their interactions such as convection oven temperature, IR oven temperature, accelerator per 
drum, activator type, and convection oven air flow. Each parameter was studied at high and 
low levels. Popping was found to be more pronounced during the summer months and that 
was true especially for facilities that did not have temperature and humidity controls. The 
increase in film build increased popping occurrences and this was more severe if the oven 
temperatures were higher than the optimum levels. Hazelwood (1998) found that convection 
oven temperature was the most significant factor that led to popping. High temperature 
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causes quick evaporation of solvent and increases the viscosity of paint. As a result, paint 
cannot flow quick enough to fill the voids, resulting in popping. The boiling temperature of 
solvent has also an impact. If the solvent has a low boiling point then popping is present at 
the beginning of dehydration, otherwise popping occurs at the end of dehydration. Film 
thickness also was found to be related to popping. If the paint film is too thick then more 
solvent is present and as a result there is not enough time for it to flash during dehydration. 
Blandin et al (1987) used the finite difference method to study the curing of fire -
retardant coatings. It was shown that kinetics of drying was controlled by the diffusion of the 
solvent through the paint and by the evaporation of the solvent from the coating surface. The 
diffusivity was dependant on concentration and the rate of evaporation, and diffusivity varied 
with temperature. The rate of solvent evaporation was considered proportional to the 
concentration of the solvent. 
Henshaw (2004) investigated the dehydration and curing of waterborne automotive 
basecoat under gentle (low temperature) and harsh (high temperature) conditions using 
experimental data and the waterborne paint diffusion model (WPDM). The model 
incorporated finite difference simulations in order to predict water concentration profiles at 
different temperatures, and relate the profiles to popping and non-popping of paint. The 
model accurately predicted the solids content at the end of dehydration. However, it was 
found that the water concentration at the surface was higher for the high temperatures than 
for low temperatures. This finding is counter-intuitive, since it is expected that under high 
temperatures water is drawn faster from the surface than can be replenished from the bulk as 
a result a skin forms. 
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It has been shown that film formation of waterborne paints can be affected by 
ambient temperature and humidity, and rheological properties of those paints are not easily 
controlled (Imai and Tsubouchi, 1980). Imai and Tsubouchi (1980) related popping in 
waterborne systems with the viscosity change of these paints during curing, which in turn is 
highly related to the water content and co-solvents. The viscosity increase was related to the 
skin formation as showed by the dynamic spring analysis (DSA). The skin formation was 
observed during curing of waterborne paints, and it impeded the normal diffusion of water. 
Imai and Tsubouchi (1980) used acrylic and polyester resins with different types of organic 
co-solvents, for their experiments. The panels were primed steel and were sprayed with 
several waterborne paints of different constituents. Different film thicknesses were applied, 
ranging from 15 u, to 65jx, and panels were baked at 140°C for 30min, after a flash time of 
lOmin. They observed popping and established a correlation between critical thickness (film 
thicknes below which popping did not occur), co-solvent used, and pop/non pop occurrences 
The data regarding popping and its relation to film thickness were not reported. The authors 
also showed that paint formulations with low activation energy (E) were more prone to 
popping, and this was thought to be related to the overheated water accumulated in the bulk 
of the film. The study was not able to find the real cause of popping; however the authors 
hypothesize that a careful choice of the paint formulation and dehydration conditions (i.e. 
heating temperature) could reduce or eliminate popping. 
Watson and Wicks (1983) studied the effect of film thickness, viscosity, and Tg, on 
popping. The new outcome of this study was the strong relationship between popping and Tg 
As Tg increased so did the number of pops. In line with other studies it was found that an 
increase in film thickness increased popping. Even though the correlation of critical film 
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thickness and popping on acrylic waterborne coatings was proven valid, it was still 
dependant on Tg. Contrary to other studies the viscosity did not show any influence Watson 
and Wicks (1983). 
Popping is not a phenomenon that occurs only in waterborne systems (Imai and 
Tsubouchi, 1980). Bell (1964) showed that in solvent-borne paints, entrapped air bubbles 
caused popping as they tried to escape out of the film. In relation to air entrapped in 
waterborne paints, Imai (1979) studied those systems and showed that entrapped air during 
film formation had some relation to popping. It is not clear, however, that entrapped air is the 
single cause that leads to popping. When panels coated with waterborne paints were cured at 
130°C, they showed no signs of popping, while the ones cured at 180°C did show popping 
occurrences, even though in both cases there were no air bubbles present (Imai and 
Tsubouchi, 1980). Schoff (2004) also indicates that it is not certain if popping occurs due to 
air entrapment or solvent evaporation. Schoff (2004) reports one possible mechanism that 
leads to another type of popping called "gassing". Gassing is very similar in nature to solvent 
popping, it is the result of gas formed and entrapped during substrate manufacturing or 
chemical reactions that produce gaseous products. Galvanized steel is one substrate that can 
trap volatiles and then release them (Schoff, 2004). Other factors that lead to popping and are 
reported in literature include: high dehydration temperature, high film thickness, fast 
evaporation of solvent, and skin formation at the surface of the film. 
Most of the studies on waterborne paints and the surface imperfections related to 
them are focused on the film formation process, the driving forces and the chemistry behind 
it. Little is found in literature about the quality of the dried latex film and its relation with 
paint application parameters. 
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Watson and Wicks (1983) extended their study of acrylic paints to the effect of 
application parameters. Agitated samples produced more popping than the ones left without 
agitation for about 24hr. This proved that entrapped air had some effect in popping. Spraying 
the paint resulted in more pops as opposed to draw-down samples. In addition to paint 
application method, it is found that when the spray distance is small more solvent is 
deposited on substrate. A bigger spray distance would cause solvent droplets to evaporate in 
air before they reach the panel, and so reduce popping (Hazelwood, 1998). A longer flash-off 
before dehydration also is found to decrease the amount of popping (Watson and Wicks, 
1983). If the pressure with which paint is applied is low, popping can be reduced because 
paint droplets are small and more solvent is lost into air. The downside of the low pressure is 
that the film build can be to low and possibly out of spec (Hazelwood, 1998). 
2.3 Design of experiments (DOE) 
A designed experiment is the simultaneous evaluation of two or more factors (parameters) for 
their ability to affect the resultant average or variability of particular product or process 
characteristics (Ross, 1996). 
The process involves several stages that should be conducted in a certain order to 
facilitate an improved process performance (Ross, 1996). The phases in subsequent order are 
as follows: plan, design conduct, evaluate, and implement (Zielinski, 2004). Planning is one 
of the most important stages of the DOE. The results will strongly depend on the input 
information such as selection of parameters and their levels. Being able to choose the correct 
number of factors that are significant to the process under study, will increase the likelihood 
of successful outcomes and reduce the number of unnecessary (Zielinski, 2004). 
The benefit of a factorial design, compared to a single test that considers one factor at 
a time, is that it takes into account the interaction between factors even though it might not be 
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additive. For example, if the effect of factor X is "a" and the effect of factor Y is "b", the 
interaction between the two is not necessarily "a + b". This is not the case for independent 
experiments (Lapin, 1997). The relative efficiency (RF) of using factorial design over 
experiments conducted one at a time increases with the increase number of factors. For 
instance a two factor design has 1.5 RF, while a 3 factor design has a 2.0 RF, compared to 
the single experiment design (Montgomery, 1991). 
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CHAPTER 3 - MATERIALS AND METHODS 
This project seeks to improve the performance of paint application processes. The 
aim is to quantify and examine the parameters that affect the number of pops. 
3.1 Testing Facility 
The success of a research project is greatly dependant on the environment in which 
experiments are performed. The access to research facilities that closely resemble the 
manufacturing process adds a degree of practicality to the results. 
The work described in this thesis was conducted at the University of Windsor / 
DaimlerChrysler Canada Automotive Research and Development Centre (ARDC). This 
facility contains the Automotive Coatings Research Facility (ACRF), a full-size, multi-stage 
coating facility designed to support major research in automotive coating process 
development. The important aspect of conducting the experiments at ARDC is the simulation 
of plant conditions, and control of the environmental factors such as booth temperature and 
humidity. All painting stages are the same as in automotive assembly plants. The oven, 
conveyer, and spray booths are large enough to accommodate the painting of an entire car, a 
feature that is not possible in lab experiments. Figure 2 illustrates the topcoat line at ACRF. 
The line starts with the basecoat manual zone where the panels are mounted to a rack. As the 
panel rack moves (to the left in Figure 2) through the line, the basecoat is applied in the bell 
zone, (four vertical and three horizontal bell applicators), robot zone (three robots), or both. 
The robot zone has temperature and humidity controlled air. There is a basecoat flash area 
(also called vestibule) between the basecoat application zone and the dehydration oven. The 
conveyer speed can be adjusted to achieve the desired flash time through the basecoat flash 
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zone. The dehydration oven has two parts: 1.Infrared (IR) heating, and 2.Convection heating. 
The IR heating is not currently in use. The clearcoat is only applied by bell applicators that 
have the same configuration as the basecoat bell applicators. 
FIGURE 2 - TOPCOAT LINE AT ARDC 
3.2 Equipment 
The equipment used in this research are: 
1. Paints (Basecoat: DuPont Blue, PPG B8 Midnight Blue - BC#1, Clear coat: DCT 
5555) 
2. cold-rolled steel panels 10.2cm x 30.5cm (4in x 12in) size 
3. e-coated steel panels 25.4cm x 25.4cm (lOin x lOin) size 
4. aluminum foils 12.7cm x 12.7cm (5in x 5in) size 
5. scale (AA-250, Denver Instrument Co.) 
6. stop watch 
7. electric oven (49D-650, Precision Quincy Corporation) 
8. elcometer for film build measurements (Elcometer 355, Elcometer Inc.) 
9. Plexiglas template with twenty four 25.4 cm (linch) diameter holes equally spaced, 
25.4cm x 25.4cm (lOin x lOin) size 
10. Scanning Electron Microscopy (SEM), available in the University of Windsor 
materials lab (Model 5800LV, JEOL) 
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11. SMC e/p Regulator ITV2050 - X27 for atomizing air (AA). The accuracy of this 
device is specified as ± 3% full span and the repeatability as ± 0.5% full span. 
12. AWI flow meter model HP-15-SGLA with AWI Fibre Optic Pickup FOP-30. The 
accuracy of the flow meter is specified as ± 0.5% and repeatability as ±0.1%. 
13. measuring tape for distance from the applicator tip to the panel. The accuracy of 
using this device was estimated to be ± 1mm. 
3.3 General Experimental Procedure 
This section describes the general process used to coat panels under different 
conditions. Not all of the panels described in this section were produced in each run. 
Four 25.4cm x 25.4cm (lOin x lOin) e-coated panels and two 10.2cm x 30.5cm (4in x 
12in) bare steel panels were mounted on the panel rack (Figure 3). The panels were cleaned 
with alcohol wipes and labeled. The reason for having four e-coated panels was to observe 
the changes in film surface at different stages of topcoat application. One of the 4in x 12in 
panels was used for film build measurements, and the other panel was used to support the 
aluminum foils for solid content determination. The foils were weighed and labeled as A and 
B before they were fixed on the panel with a magnetic frame. The conveyer was adjusted to 
the desired speed and the panels were sprayed with basecoat using bells or robots. The time 
between end of paint application and beginning of heated dehydration (flash time) was 
recorded as the panel rack moved from the robot zone to the dehydration oven. The line was 
stopped momentarily before the panels entered the dehydration oven, in order to remove the 
first panel and allow it to air dry. At this point the aluminum foil A was removed as well, 
weighed and placed in the oven for drying. After dehydration two more panels were 
removed: the first was allowed to air dry, and the second was placed in the curing oven. The 
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basecoat film build panel was removed (2n panel from the right in Figure 3) at this time, and 
it was replaced with a new bare steel panel for clear coat film build measurement. The 
aluminum foil B was removed after dehydration, weighed, and placed in the oven for drying. 
The last basecoated panel and the new steel panel were sprayed with clearcoat using bell 
applicators. Then, both panels were placed in a curing oven. The basecoat and clearcoat film 
builds were measured using the elcometer. A plastic template with ten equally spaced wholes 
was used to ensure that the film build was measured at the same locations across the center of 
each panel. The device was calibrated against calibration foils supplied by the manufacturer. 
The conductive probe of the device was placed at each whole on the template and the value 
of the film build was stored in the device's memory. The device calculated the average value 
and this value was used in this study. The accuracy of the measurements is + 1% or + lum 
(Elcometer, 2005). The two aluminum foils were removed from the oven and weighed. The 
spray and dehydration solids concentrations were calculated as percent by volume using the 
following formulas: 
m o 7-J AFW2-AFW, %Solidsspw = 2- L ipay
 AFW^ - AFW, 
Where: 
AFW1 = initial foil weight 
AFW2 = foil weight after basecoat spray 
AFW3 = foil weight after cure 
_BFW2~BFW} 
/c Solids
 dehydmtkm — n r i I , BFW^ - BFWX 
Where: 
BFW1 = initial foil weight 
BFW2 = foil weight after dehydration 
BFW3 = foil weight after cure oven 
The maximum uncertainty in percent solids was estimated to be 0.1%. 
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The general experimental procedure was the same for both aspects of the project 
(dehydration phase and paint application phase). The differences come into play when 
parameters are changed, which are explained in detail in their separate sections. 
10.2 ( 
Basecoat, Oven cure, Air dry, after 
Clearcoat after dehydration dehydration 
= wing nut 
Panel Rack 
Air dry, 
No dehydration 
FIGURE 3 - ORDER OF PANELS ON RACK 
3.3.1 Steps for Dehydration Phase 
The steps for the experimental procedure are: 
1. Check that booth conditions are constant 
2. Set the temperature of dehydration oven 
3. Label four 25.4cm x 25.4cm (lOin x lOin) e-coated steel panels and two 10.2cm x 
30.5cm (4in x 12in) bare steel panels 
4. Label two aluminum foils as A and B, tare the scale, and weight them 
5. Mount panels vertically on the panel rack 
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6. Clean all panels, except the film build ones, with alcohol wipes soaked with 85% IPA 
(isopropyl alcohol), 15% DI water; and tack cloth 
7. Affix the foils to the panel using a magnetic holder - A on top, B on bottom 
8. Adjust the conveyor speed 
9. Spray panels with basecoat using electrostatic bells 
10. Record flash time after spray and before the rack enters the dehydration oven 
11. Remove the first panel and let it air dry 
12. Remove aluminum foil "A", fold it in half, and fold in sides 
13. Transfer the foil to the balance, weigh without taring the scale, and record the weight 
14. Transfer the foil into the oven and set the timer to the specified time 
15. Send the panel rack through the dehydration oven 
16. After dehydration, remove the panels and allow one to air dry and put one in the cure 
oven. 
17. Remove the basecoat film build panel to the curing oven and mount the clearcoat film 
build panel 
18. Remove foil "B", fold it in half and fold in sides, weigh it, and place in the cure oven 
19. Spray panels with clearcoat using electrostatic bells 
20. Remove the test panel and clearcoat film build panel after clearcoat and put them in 
the cure oven 
21. Record flash time from after clearcoat spray until the panels are placed in the cure 
oven 
22. Remove the foil from the oven after the specified time and record the final weight 
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23. Measure film build 5 times each for basecoat and clearcoat using the elcometer and 
record the average on the back of each panel 
24. Repeat the experiments at different conveyer speeds and dehydration oven 
temperatures 
25. Observe popping occurrences 
26. Analyze the panels with scanning electron microscopy (SEM) 
a. Surface topography 
b. Atomic number differences (deeper regions) 
c. Energy dispersive x-ray spectrometry 
3.3.2 Steps for Paint Application Phase 
The paint application phase of the experiments consists of two parts. First the design 
of experiments was planned and the matrix constructed. Second the experiments were 
conducted. 
3.3.2.1 Performing Design of Experiments 
1. Choose the high and low levels of the factors selected (FR), (AA), and (D). 
2. Construct the design matrix with all possible combinations 
3. Randomize the run order 
3.3.2.2 Performing Runs 
All steps are the same as in the dehydration phase except the following: 
1. Keep the conveyer speed constant 
2. Keep dehydration oven temperature constant 
3. Adjust the robot parameters according to the matrix values 
4. Spray panels with basecoat using Robot 1 with four passes in the vertical position 
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5. Manually count popping using the Plexiglas template. 
6. Analyze data with Minitab® Release 14.20 Statistical Software (Minitab Inc.) 
3.4 Experiments 
The following sections will describe the runs and their settings for both the dehydration 
and paint application phases. The experiments and the reason behind performing each of 
them are also discussed in chronological order. 
3.4.1 Dehydration Phase Experiments 
Experiments were performed on sample panels which were coated changing one 
variable i.e. line speed, while keeping the rest of variables constant, and visually observing 
the effect on the final film. The booth temperature and humidity were maintained constant by 
setting them at the desired value at the beginning of each run. The first set of experiments 
was performed on November 4th, 2004. The conditions of the runs are summarized in Table 
1. For each paint type, two panels were allowed to air dry and two were cured in the oven. 
The reason for that was to see if there would be any difference in the number of pops. The 
film build was recorded and the panels were observed for popping occurrences. The dry latex 
paints were studied at a molecular level using Scanning Electron Microscopy (SEM), 
available at the University of Windsor. 
27 
TABLE 1 - NOVEMBER 4 ' " , 2004 EXPERIMENTS 
Run 
1 
2 
3 
4 
Materia] 
PPG 
DuPont 
DuPont 
PPG 
Application 
Bells & robot 
Bells 
Bells 
Bells 
Line Speed 
(m/s) 
0.06 
0.051 
0.051 
0.056 
Cure Oven Temp 
& Time 
Air dry 
141C° for 20min 
Air dry 
141C°for20min 
Constants 
Dehydration Temperature (°C) 
Booth Temperature (°C) 
Booth Humidity (%) 
Air Velocity at the panel (m/s) 
93 
21 
75 
8.1 
Another set of experiments was conducted on November 16 , 2004 (Table 2). Panels 
were positioned vertical and horizontal in the rack. Because of paint availability at the time 
of the experiments, only DuPont Blue basecoat was applied on cold rolled steel panels, as 
well as on e-coated and primed steel panels. The line speed was maintained at 0.051 m/s 
(lOft/min) for all runs. The dehydration temperature, booth temperature and humidity were 
kept constant at the same values set for November 4th experiments. Film build was measured 
and panels were observed for popping occurrences. 
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TABLE 2 - NOVEMBER 16TH, 2004 EXPERIMENTS (ONE RUN) 
Panel 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Panel Type and 
Orientation 
BC on steel, V 
BC on e-coat & 
prime, VI 
BC on e-coat & 
prime,V2 
BC on e-coat & 
prime,V3 
BC on e-coat & 
prime,V4 
BC on steel, V5 
BC on steel, H 
BC on e-coat & 
prime,Hl 
BC on e-coat & 
prime,H2 
Application 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Cure Oven Temp & 
Time 
141°Cfor20min 
141°Cfor20min 
141°Cfor20min 
Air Dry 
Air dry 
141°Cfor20min 
141°Cfor20min 
141°Cfor20min 
Air dry 
Constants 
Line Speed (m/s) 
Dehydration Temperature (°C) 
Booth Temperature (°C) 
Booth Humidity (%) 
Cure Oven Temperature (°C ) 
Air Velocity at the panel (m/s) 
0.051 
93 
21 
75 
141 
8.1 
The third and fourth sets of experiments were conducted on November 19th, 2004 in 
the morning and afternoon (Table 3 and 4). The dehydration temperature, booth temperature 
and humidity were constant at the same values as before. In the fourth set of experiments, in 
addition to the new temperature and time in the curing oven, clear coat was applied on one 
cold rolled steel panel and one basecoated panel. This was done to see if the application of 
clear coat would have any affect on popping. Again pop occurrences and film build were 
recorded. DuPont Blue basecoat and only vertical panels were used for both runs conducted 
on November 19th. The dry film from the morning experiments was analyzed using SEM. 
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TABLE 3 - NOVEMBER 19 ,2004 MORNING EXPERIMENTS 
Panel 
1 
2 
3 
4 
5 
6 
Panel Type 
BC on steel 
BC on e-coat & prime 
BC on e-coat & prime 
BC on Steel 
BC on e-coat & prime 
BC on e-coat & prime 
Application 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
C»re Oven Temp & 
Time 
Air dry 
Air dry 
Air dry 
160°Cfor40min 
160°C for 40min 
160°C for 40min 
Constants 
Line Speed (m/s) 
Dehydration Temperature (°C) 
Booth Temperature (°C) 
Booth Humidity (%) 
Air Velocity at the panel (m/s) 
0.036 
93 
21 
75 
8.1 
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TABLE 4 - NOVEMBER 19'", 2004 - AFTERNOON EXPERIMENTS 
Panel 
1 
2 
3 
4 
5 
6 
Panel Type and 
Orientation 
CC on steel 
CC on e-coat & 
prime 
BC + CC on e-coat 
& prime 
BC on steel 
BC on e-coat & 
prime 
BC on steel 
Application 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Bell 
(250 rev/min) 
Care Oven Temp 
&Timc 
177°C for 25min 
177°Cfor25min 
177°C for 25min 
177°C for 25 min 
177°C for 25 min 
Air dry 
177°C for 25min 
Comment 
Two passes of heavy 
CC 
Two passes of heavy 
CC, No dehydration 
Two heavy passes of 
CC 
Removed before 
dehydration and 
placed in cure oven 
Removed before 
dehydration and 
placed in cure oven 
for 3min, then 
allowed to air dry 
Constants 
Line Speed (m/s) 
Dehydration Temperature (°C) 
Booth Temperature (°C) 
Booth Humidity 
Air Velocity at the panel (m/s) 
0.036 
93 
21 
75 
8.1 
3.4.2 Paint Application Phase Experiments 
After the experiments related to the dehydration conditions and the SEM analyses 
were completed, the research focus was directed to the paint application phase. The 
following paragraphs will discuss the runs performed, including all variables and constant 
parameters. The Phase 1 and 2 design parameters identified from factorial analyses will be 
discussed as well. 
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3.4.2.1 Preliminary Experiments 
A number of preliminary experiments were conducted in order to establish consistent 
popping occurrences. The summary of those experiments is shown in Table 5, and the 
constant conditions are summarized in Table 6. 
TABLE 5 - PRELIMINARY EXPERIMENTS FOR ESTABLISHING CONSISTENT POPPING 
Date / Run 
# 
1/18/2005 
Runl 
1/19/2005 
Run 2 
1/20/2005 
Run 3 
1/21/2005 
Run 4 
1/21/2005 
Run 5 
1/21/2005 
Run 6 
1/21/2005 
Run 7 
1/26/2005 
Run 8 
1/27/2005 
Run 9 
Convection 
Line 
Speed 
(m/s) 
0.076 
0.076 
0.051 
0.036 
0.036 
0.036 
0.036 
0.036 
0.036 
Delay 
Timer 
BC 
Robot 
{.see) 
80 
75 
75 
75 
75 
75 
75 
75 
75 
Curing Oven 
Temperature 
143 
143 
143 
143 
143 
143 
143 
160 
160 
Comments 
Ran panels through the main oven. 
Also welded two panels together and 
no popping occurred. 
Walked panels down to the main oven 
to decrease flash time. Slowed the line 
speed down in the convection zone to 
lOfpm. 
Walked panels down to the main oven 
- 2.5 mins. Oversprayed, undersprayed 
and handsprayed 25.4cm x 25.4cm 
panels. 
Panel Oven was used. Sprayed two 
25.4cm x 25.4cm panels by hand. 
Sprayed one with two passes and one 
with one pass in the robot basecoat 
zone. 
Used Robot #1 in the liquid booth to 
spray. Sprayed (4) 25.4cm x 25.4cm 
.. ..1 air dry after spray, 1 air dry after 
dehydration, 1 cured in panel oven 
after dehydration and 1 cured in panel 
oven after clear coat and base coat. 
Same as Run 6 
Same as Run 6 
Same as run 6 
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TABLE 6 - CONSTANT PARAMETERS FOR PRELIMINARY RUNS 
ms^SMmi^^n^^Kmsm^iimm immmm^asm 
Line speed (m/s) 
BC Bells 
BC Robots 
IR 
CC Vestibule 
CC Bells 
0.04 
0.3 
0.076 
0.18 
0.08 
Convection Oven Damper Settings 
Bypass 
Middle 
Upper 
Lower 
Main 
Closed 
4 HFC 
Open 
Open (25.4cm) 
Open 
Other Parameters 
Air Velocity at panels (m/s) 
Dehydration Oven Temperature (°C) 
Delay Timer CC Bell (sec) 
7.6 
91 
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It was determined that conditions of Run 9 would be the used as basis for the design 
of experiments. The reason behind that decision will be discussed in the chapter related to the 
analysis of data. The only modification from Run 9 would be the change of panel oven 
temperature from 160°C to 143°C. In addition to the constant conditions summarized in 
Table 6, the conditions that would be maintained constant through the rest of runs are 
summarized in Table 7. 
TABLE 7 - CONSTANT PARAMETERS FOR DOE 
PARAMETERS 
Convection Line Speed (m/s) 
Panel Oven Temperature (°C) 
Time in Panel Oven (min) 
CC Target Distance (cm) 
BC Humidity (%) 
BC Dry bulb (°C) 
CC Humidity (%) 
CC Dry bulb (°C) 
Fan Air (L/min) 
Tip Speed (mm/s) 
VALUES 
0.036 
143 
25 
25.4 
65 
20 
60 
21 
300 
300 
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3.4.2.2 Design of Experiments (DOE) 
The full factorial method was chosen for the design of experiments. There were five 
parameters considered: Atomizing Air (AA), Flow Rate (FR), Distance of the robot 
applicator tip to the panel (D), Fan air (FA), and Tip speed (TP). The outcome studied was 
number of pops per area. Out of five parameters the FA and TP were kept constant in order 
to construct a factorial design with three factors and two levels. Introduction of a fourth and 
fifth variable would complicate the design of experiments, and at the same time make the run 
of experiments and analysis of data a time consuming task. The three factors considered were 
assigned a low and a high level. Increasing the factor from one level to another can increase 
or decrease the response (Montgomery, 1991). A linear relationship was assumed between 
the three parameters and the response. The interaction between parameters was assumed 
linear as well within the range of values used in these experiments. The experiments were 
conducted in replicates to ensure consistency of results. The order of experiments was 
randomized using the Minitab software (Minitab Inc.). 
The number of pops was manually counted using a 25.4cm x 25.4cm Plexiglas 
template with twenty-five 2.54cm diameter holes equally spaced ( Figure 4). Out of twenty-
five holes only twenty-four were used for counting, since one of them overlapped with the 
mounting hole of the panel. Each circle was numbered to ensure counting at the same 
location for each panel. The template was used in the same orientation for counting. From 
repeated counting of the same panel, the uncertainty of manually counting the pops was 
estimated to be 3%. 
A c = — * D 2 = —* (2.54cm)2 =5. lcm2 4 4 
Ap = 5.1cm2 * 24 = 123cm2 
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Where: 
Ac = area of one circle (cm ) 
Ap = total area counted per one panel (cm ) 
The number of pops throughout this work will be reported as number of pops per 
123cm2. 
Before conducting each run, a copy of the color booth conditions was printed from 
the paint system monitoring terminal. This was done to ensure the temperature and humidity 
conditions were constant for each run. Appendix 1 shows an example of temperature and 
humidity conditions along the color booth. 
FIGURE 4 - PLEXIGLAS TEMPLATE OVER ONE PAINTED PANEL 
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3.4.2.2.1 Phase 1 Matrix 
The runs for the Phase 1 matrix were performed in March, 2005. A total of sixteen 
experiments were conducted, with three factors, two levels and two replicates. Table 8 shows 
the matrix of the factors, the high and low levels, as well as the combinations between them. 
The replicates were run at different days to ensure statistical significance of results. Table 9 
shows the order and the data for the sixteen runs. It should be noted that through out this 
project the distance from panel (D) is expressed in imperial units (in), while all other 
parameters are in metric units. The reason D was kept in imperial units was for simplicity of 
expression. 
TABLE 8 - PHASE 1 MATRIX OF THE FACTORIAL DESIGN 
Atomizing 
Air 
(AA) 350 350 350 250 250 250 350 250 
(L/min) 
Distance 12 10 12 12 10 12 10 10 
from 
panel (D) 30.5cm 25.4cm 30.5cm 30.5cm 25.4cm 30.5cm 25.4cm 25.4cm 
On) 
Flow 
rate(FR) 500 500 400 500 500 400 400 400 
(mL/min) 
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TABLE 9- SUMMARY MARCH EXPERIMENTS 
Bate 
March 7, 2005 
March 10,2005 
March 8, 2005 
March 14,2005 
March 7,2005 
March 10,2005 
March 8,2005 
March 10, 2005 
March 7,2005 
March 14,2005 
March 8,2005 
March 10,2005 
March 8,2005 
March 10,2005 
March 8,2005 
March 10,2005 
Run 
10 
18 
13 
25 
12 
21 
14 
19 
11 
24 
16 
20 
17 
23 
15 
22 
FR 
(mL/min) 
500 
500 
500 
500 
500 
500 
500 
500 
400 
400 
400 
400 
400 
400 
400 
400 
D 
(in) 
12 
12 
10 
10 
12 
12 
10 
10 
12 
12 
12 
12 
10 
10 
10 
10 
AA 
(L/min) 
350 
350 
350 
350 
250 
250 
250 
250 
350 
350 
250 
250 
350 
350 
250 
250 
B C Flash to 
Dehydr. 
(Target 
2'45") 
2'49" 
2*49" 
241" 
2'42" 
2'50" 
2'49" 
2'56" 
2'51" 
2'46" 
2'44" 
2'51" 
2'44" 
2'49" 
2'44" 
2'44" 
2'45" 
C C Flash to 
Dehydr, 
(Target 
1'50") 
2'9" 
1'51" 
1'44" 
1'46" 
1'48" 
1'42" 
1'43" 
1'43" 
1'31" 
1'47" 
1'49" 
1'42" 
1'48" 
1'48" 
1'50" 
1-47" 
3.4.2.2.2 Phase 2 Matrix 
Experiments with the improved design parameters were performed in May-June, 
2005. Initially experiments were conducted for baseline conditions (Table 8) and all 
combinations of FR = 500mL/min, to check the repeatability of the response. The new high 
level of FR was 400mL/min. In order to determine the new low level of FR, a number of 
experiments were conducted keeping the other parameters constant and changing only the 
flow rate (not shown here). The values of flow rates used were: 200, 250, 275, 300, 350, 375, 
and 400mL/min. A flow rate of 350mL/min was considered as the suitable value in order to 
maintain the film build within specifications (20.3u.m) without having to change the tip speed 
(from 300mm/s), which if changed would have introduced a new factor in the design. The 
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levels for AA and D were not changed. The matrix for the new factorial design runs is 
summarized in Table 10. Table 11 summarizes all the runs conducted in May and June. 
TABLE 10- PHASE 2 MATRIX OF THE FACTORIAL DESIGN 
Factor 
Atomizing 
Air 
(AA) 
(L/min) 
Distance 
from 
panel (D) 
(in) 
Flow 
rate (FR) 
(mL/min) 
1 , 
350 
12 
30.5cm 
400 
•I® 
350 
10 
25.4cm 
400 
ws-^ 
350 
12 
30.5cm 
350 
=HK[ 
250 
12 
30.5cm 
400 
5 
250 
10 
25.4cm 
400 
6 
250 
12 
30.5cm 
350 
7 
350 
10 
25.4cm 
350 
=j|g8 
250 
10 
25.4cm 
350 
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TABLE 11- SUMMARY OF MAY-JUNE EXPERIMENTS 
Date 
May 16,2005 
May 27, 2005 
June 3,2005 
June 3,2005 
June 3, 2005 
June 3, 2005 
May 27,2005 
May 31,2005 
May 30,2005 
June 1,2005 
May 27,2005 
June 1, 2005 
May 30,2005 
June 1,2005 
May 30,2005 
May 31,2005 
June 2,2005 
May 27,2005 
May 31,2005 
June 2, 2005 
May 30,2005 
June 1,2005 
June 2, 2005 
May 30,2005 
May 31,2005 
June 2, 2005 
Run 
1 
1 
1 
2 
3 
4 
2 
1 
4 
8 
3 
6 
5 
5 
1 
3 
2 
4 
2 
1 
2 
7 
4 
3 
4 
3 
FR 
(mL/min) 
500 
500 
500 
500 
500 
500 
400 
400 
400 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
D 
(in) 
12 
12 
12 
10 
12 
10 
12 
12 
12 
12 
10 
10 
10 
10 
12 
12 
12 
10 
10 
10 
12 
12 
12 
10 
10 
10 
AA 
(IVmin) 
350 
350 
350 
350 
250 
250 
350 
350 
250 
250 
350 
350 
250 
250 
350 
350 
350 
350 
350 
350 
250 
250 
250 
250 
250 
250 
B C Flash to 
Dehydr. 
(Target 
2*45") 
3'00" 
2'45" 
2'45" 
2'45" 
2'50" 
2'50" 
2'40" 
2'45" 
2*45" 
2'50" 
2'40" 
2'45" 
2'40" 
2'50" 
2'45" 
2*50" 
2'50" 
2'45" 
2*50" 
2'45" 
2'45" 
2'45" 
2'50" 
2'45" 
2'45" 
2'50" 
C C Flash to 
Dehydr. 
(Target 
1'50") 
1:36' 
1'40" 
1'55" 
1'50" 
1'50" 
1'55" 
1'55" 
1'50" 
1'55" 
1'50" 
1*50" 
1'50" 
1'50" 
1'50" 
1'45" 
1'45" 
1'55" 
1'55" 
1'45" 
1'50" 
1*55" 
1'45" 
1'50" 
1*55" 
1'55" 
1'45" 
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CHAPTER 4 -ANALYSIS OF DATA, RESULTS AND 
DISCUSSION 
4.1 Dehydration Phase 
The first run (Run 1) on November 4th was performed using both bells and robots for 
basecoat application in order to closely resemble plant conditions. No popping was observed, 
so it was decided to continue the other runs with bell applicators only. Runs 2, 3, and 4 also 
showed no evidence of popping in spite of the paint used, application method (bell), or line 
speed. The dry paints were analyzed using SEM. The secondary electron imaging (SEI) 
feature of the SEM was used to explore the surface topography of the sample. The images 
generated are shown in Figure 5 to Figure 8. A resolution of 10 urn was used for imaging. 
This resolution was reported as sufficient to observe coalescence and film morphology 
(Eckersley & Rudin, 1994). Indeed the "bumps" shown in Figures 5 and 6 are probably 
remnants of latex beads (size ~ 1.7um). The backscattered electron imaging (BEI) feature of 
SEM, for atomic number differences and deeper regions of analysis, was employed as well 
(images not shown here). It was expected that a difference in film morphology would be 
observed between the air dry and oven cured films for each paint. However, the only 
difference was between paint types, because the paint compositions are different. The PPG 
paint had better ability to show the surface morphology as opposed to DuPont. It can be seen 
from images in Figure 5 and Figure 6 that the PPG paint forms a film that is smooth, while 
the film from DuPont paint has features that could interfere with the accurate identification of 
pops, if they were present. Since there was no evidence of popping, the images generated 
from those samples were used as basis to compare the film morphology of pop and non-pop 
cases. 
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Another set of experiments was performed on November 16, 2004 using a line speed 
of 0.051 m/s. Horizontal and vertical panels were used in order to see if orientation of spray 
would affect the number of pops. Popping was observed on both vertical and horizontal steel 
panels, but no pop was present when basecoat was applied on top of e-coated and primed 
layers. It is postulated that the presence of pops, when basecoat is applied directly on steel 
panels, might be due to the fact that cold rolled steel heats up quicker than e-coated steel. 
Hence, the film temperature is more uniform, resulting in more uniform dehydration of the 
paint. It was found that basecoat film build was consistent through all nine runs 
demonstrating no relation to popping. 
FIGURE 5 -RUN 1 PG AIR DRY (SEI) 
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FIGURE 6 -RUN 4 PG OVEN DRY (SEI) 
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FIGURE 7 -RUN 2 DB OVEN DRY (SEI) 
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FIGURE 8 - RUN 3 DB AIR DRY (SEI) 
The next group of experiments (November 19th morning) was conducted by reducing 
the line speed to 0.036m/s (7ft/min), and increasing panel oven temperature and time to 
160°C and 40 min. This was done to see if the degree of popping would change compared to 
the previous set. In this case only vertical panels were used, since the experiments conducted 
in November 16th, showed no difference between horizontal and vertical panels in relation to 
popping. Even with the new harsh curing conditions, the response was similar to the previous 
set of experiments; popping was present only when the basecoat was applied directly to cold 
rolled steel panels. There was no evidence of popping on e-coated and primed panels. SEM 
analyses were performed for panels that popped on November 19 (morning). The images are 
shown in Figure 9 to Figure 12. The resolution used for these images was lOOum since it 
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illustrated a clearer picture of the pop. The images generated gave no indication of the extent 
of film formation in relation to the occurrence of pops. The surface morphology was the 
same for both pop and non-pop. The only difference observed is the "bump" on popped 
panels. This feature was not sufficient to predict if the film would pop or not, it was simply 
an indication of the presence of pops elsewhere on the panel. At higher magnification, no 
difference in surface morphology could be detected, such as a smoother surface indicating 
more complete coalescence of latex particles, which would agree with conventional 
mechanisms of popping. 
FIGURE 9 - RUN 1WITH POP: DB ON STEEL, AIR DRY (SEI) 
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FIGURE 10 - RUN 3 WITHOUT POP: DB ON E-COAT, AIR DRY (SEI) 
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FIGURE 11- RUN 4 WITH POP: DB ON STEEL, OVEN DRY (SEI) 
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FIGURE 12 - RUN 6 WITHOUT POP: DB ON E-COAT, OVEN CURED (SEI) 
In automotive plants popping is usually more pronounced after clear coat application. 
To see if the clearcoat would make any difference, another set of experiments was performed 
(November 19, afternoon), applying clearcoat on top of basecoat, and directly on cold rolled 
steel panels. Contrary to the expectations there was no popping observed regardless of paint 
used (PPG, DuPont). Table 12 shows the film build and popping observations for the 
November runs. 
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TABLE 12 - FILM BUILD AND POPPING 
Run 
or 
Panel 
1 
2 
3 
4 
5 
6 
7 
8 
9 
November 4, 
2004 
Film 
Build 
(urn) 
24.6 
27.4 
20.1 
20.1 
Popping 
(Yes/No) 
No 
No 
No 
No 
November 16, 
2004 
Film 
Build 
(urn) 
24.9 
24.9 
24.9 
24.9 
24.9 
24.9 
25.2 
25.2 
25.2 
Popping 
(Yes/No) 
Yes 
No 
No 
No 
No 
Yes 
Yes 
No 
No 
November 19, 
2004 (morning) 
Film 
Build 
(fim) 
32.3 
32.3 
32.3 
32.3 
32.3 
32.3 
Popping 
(Yes/No) 
Yes 
No 
No 
Yes 
No 
No 
November 19, 
2004 (afternoon) 
Film 
Build 
(um) 
56.7 
56.7 
32.3+56.7 
32.3 
32.3 
32.3 
Popping 
(Yes/No) 
No 
No 
No 
No 
No 
Yes 
Making the panels pop was not possible solely through varying the dehydration 
conditions. The only panels that showed some signs of popping were the ones where 
basecoat was applied directly on cold rolled steel. In real plant conditions basecoat is applied 
on top of the e-coat and primer layers. Therefore, considering popping of basecoat on steel 
would not be a representative case of what happens in plant. Clearly there are other factors, 
other than dehydration conditions, that have an influence on popping. Based on the outcomes 
of the experiments, it was determined that it was not feasible to continue examining the 
popping phenomena microscopically since there were no features of film morphology that 
could be linked to popping, so instead the focus of the research was directed to the second 
objective - examining the paint application parameters. 
4.2 Paint Application Phase 
This section will focus on the experiments performed in order to investigate a 
possible relationship between number of pops and paint application parameters. The results 
from preliminary runs and DOE experiments (Phase 1 and 2 matrixes) are reported and 
discussed. The size of the pops was roughly the same in all panels. 
4.2.1 Results of Preliminary Experiments 
Before performing a DOE, it was necessary to establish consistent responses from the 
experiments. For that reason as mentioned in Section 3.5.2.1 a number of preliminary 
experiments were performed. Runs 1 to 4 were conducted using bell applicators and 
changing the line speed, and no popping was observed. In Run 5 the panels were sprayed by 
hand, and the paint bubbled after dehydration. It was decided to perform another run with the 
same conditions as Run 5 but to use robots instead (Run 6). Popping was achieved in that 
run. To see if the response was consistent, Runs 7, 8 and 9 were conducted, and significant 
popping was achieved again. Since consistency in popping response was established, 
conditions of Run 9 were selected for the design of experiments. Table 13 summarizes the 
observations from the preliminary experiments. It can be seen from Table 13 that popping 
occurred regardless of film build. However, the number of pops was not recorded in these 
experiments. 
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TABLE 13-RESULTS AND OBSERVATIONS FROM PRELIMINARY RUNS 
Date / Run 
1/18/2005 
Run 1 
1/19/2005 
Run 2 
1/20/2005 
Run 3 
1/21/2005 
Run 4 
1/21/2005 
Run 5 
1/21/2005 
Run 6 
1/21/2005 
Run 7 
1/26/2005 
Run 8 
1/27/2005 
Run 9 
Observed pops 
(Yes/No) 
No 
No 
No 
No 
Bubbling 
Yes 
Yes 
Yes 
Yes 
BC 
Film Build 
Avg. (ujnn) 
28.5 
30.5 
30.5 
-
13.7 
15.3 
19.6 
26.9 
26.4 
cc 
Film Build 
Avg. (nm) 49.5 
43.9 
47.8 
-
23.4 
48 
49 
50.6 
50.8 
(%} Solids 
Before Oven 
37 
38 
37 
-
40 
37 
39 
36 
33 
(%) Solids 
After Oven 
68 
71 
72 
-
75 
81 
80 
77 
75 
4.2.2 Design of Experiments (DOE) 
This section will outline the analyses that were carried out for both Phase 1 (FR = 
500, 400mL/min) and Phase 2 matrixes (FR = 400, 350mL/min). Minitab statistical software 
(Minitab Inc.) was used to analyze the results. The main effect for each of the three factors 
was estimated. The main effect is the mean change in the outcome, as the factor of interest 
changes from a low to a high level (Lapin, 1997). The number of pops obtained from runs, at 
the high (+) and low (-) levels of the factor, was averaged, and the difference between the 
two averages was the main effect for that factor. The interaction effects were calculated as 
well. The interaction estimates whether two or more factors combined have a significant 
effect on the response. This is independent of the fact that each factor might have an 
individual effect (Lapin, 1997). A factorial fit model was generated together with the analysis 
of variance for number of pops, log (number of pops), and film build. Regression analyses 
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were performed in addition to factorial fit model, for the number of pops, log (number of 
pops), and film build. The coefficients of determination (R~ and R~adj) values from regression 
were compared with the ones from the factorial fit model. The theory behind factorial fit 
model used by the Minitab is regression. That was proved by performing a simple regression 
test in an Excel spreadsheet considering all factors and their interactions. It was found that 
the R" and other coefficients were the same as the ones generated by the Minitab software. 
As a result the coefficients of determination from factorial fit could be compared with the 
ones from simple regression. 
It should be noted that the factorial fit analysis was used for log (number of pops) 
only as a tool to identify the factor of significance and not for prediction of zero pop 
conditions. The reason is that the zero pops can never occur when fitting log (number of 
pops). Number of pops was used for prediction purposes. 
From this point on, "film build" means the basecoat (BC) film build. The clearcoat 
(CC) film build was measured and recorded to ensure that it was within a specified value of 
51 um, but was not considered in the popping analysis. 
4.2.2.1 Factorial and Regression Analysis for the Phase 1 Matrix (FR = 500, 
400mL/min) 
The panels from the March experiments (Table 9) were examined for pops. Then, the 
number of visible pops was counted using the template. A summary of the number of pops, 
log (number of pops), and film build is reported in Table 14. The following paragraphs 
outline the factorial and regression analysis for a) number of pops, b) log (number of pops), 
and c) film build responses, in that order. 
52 
TABLE 14-RESULTS FOR MARCH EXPERIMENTS 
Run 
10 
18 
13 
25 
12 
21 
14 
19 
11 
24 
16 
20 
17 
23 
15 
22 
FR 
(mL/min) 
500 
500 
500 
500 
500 
500 
500 
500 
400 
400 
400 
400 
400 
400 
400 
400 
D 
(in) 
12 
12 
10 
10 
12 
12 
10 
10 
12 
12 
12 
12 
10 
10 
10 
10 
AA 
(L/min) 
350 
350 
350 
350 
250 
250 
250 
250 
350 
350 
250 
250 
350 
350 
250 
250 
Number 
of Pops/ 
123cm2 
1409 
627 
207 
519 
305 
1301 
1123 
1734 
41 
27 
35 
71 
205 
93 
322 
368 
Log 
(number 
of pops) 
3.15 
2.80 
2.32 
2.72 
2.48 
3.11 
3.05 
3.24 
1.61 
1.43 
1.54 
1.85 
2.31 
1.97 
2.51 
2.57 
BC 
Film 
Build 
(Target 
20.3 
jim) 
26.9 
24.4 
27.4 
26.4 
22.9 
22.9 
29 
28.7 
21.1 
16.0 
18.8 
18.8 
20.1 
21.3 
21.3 
21.8 
CC 
Film 
Build 
(Target 
50.8 
um) 
45.7 
46.5 
25.9 
46.2 
50.3 
45.7 
47.2 
44.7 
48.5 
46.0 
47.5 
46.5 
46.2 
46.5 
50.0 
50.0 
% 
Applied 
Solids 
Before 
Dehydr. 
33.9 
35.2 
35.8 
39.3 
39.1 
37.5 
37.0 
37.0 
41.1 
36.7 
42.0 
40.8 
39.6 
39.2 
37.7 
37.2 
% 
Applied 
Solids 
After 
Dehydr. 
78.1 
87.1 
79.8 
79.7 
81.1 
81.3 
79.4 
78.2 
81.4 
81.9 
83.6 
82.4 
74.9 
83.4 
82.3 
81.8 
a) Number of pops response (FR = 500,400mL/min) 
The number of pops from runs performed in March were organized based on the 
conditions presented in the Phase 1 matrix and are shown in Table 15. This table was used 
for the factorial and regression analysis. The cube plot graphically illustrates the data 
generated by each condition (Figure 13). The calculated averages for the main effects and the 
interaction effects for each replicate are shown in Appendix 2. 
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TABLE 15 - NUMBER OF POPS FOR MARCH RUNS 
Matrix # 
1 
2 
3 
4 
5 
6 
7 
8 
j \ A 
(L/min) 
250 (-) 
250 (-) 
250 (-) 
250 (-) 
350 (+) 
350(+) 
350(+) 
350(+) 
D (in) 
10(-) 
10(-) 
12(+) 
12(+) 
10(-) 
10(-) 
12(+) 
12(+) 
FR 
(niL/min) 
400 (-) 
500 (+) 
400 (-) 
500 (+) 
400 (-) 
500(+) 
400 (-) 
500(+) 
First Replicate 
Number of Pops/ 
123cm2i 
322 
1123 
35 
288 
205 
207 
41 
1409 
Second Replicate 
- Number of Pops / 
123cm" 
368 
1734 
71 
1301 
93 
519 
27 
627 
The opposite faces of the cube represent the (+) and (-) levels of the factors. The cube 
plot shows that the corner with the minimum average number of pops is when the factor 
levels are: FR = 400mL/min, D = 12in, and AA = 350L/min. 
12 
D 
(in) 
10 
350 
AA (L/min) 
250 
400 
FR (mL/min) 500 
FIGURE 13 - CUBE PLOT FOR NUMBER OF POPS 
(Note: Top number is the first replicate and bottom number is the second replicate) 
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The scatter cube plot in Figure 14 shows the distribution of number of pops at each 
corner of the cube. The difference between the scatter plot and the cube plot (Figure 13) is 
that the cube plot illustrates the number of pops at each condition -each axis represents a 
variable - for both replicates. Instead, the scatter cube plot in Figure 14 illustrates the 
distribution of the number of pops as a function of only two variables, FR and D. What can 
be drawn from Figure 14 is that the lowest variability in number of pops was achieved for D 
= 12in and FR = 400mL/min. 
(mL/min) 
FIGURE 14- SCATTER PLOT FOR NUMBER OF POPS 
The factorial fit and regression tests were performed with a confidence level of 95% 
and a-value of 0.05. Results from the factorial fit model are presented in Appendix 3. The a-
value, also known as significance level, is equal to the probability of making a Type I error 
(rejecting the null hypothesis when it is true) (Sontrop & Mackenzie, 1996). The p-value (P) 
is the probability at which the decision of rejecting the null hypothesis would change to 
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accepting the null hypothesis. If p-value is smaller than the a-value the null hypothesis is 
rejected, and vice versa. The p-value (P) showed that the FR was the only significant factor, 
since the p-value (0.003) was less then the a-level, which in this study was chosen as 0.05. 
The p-value for all other factors and their interactions was greater than 0.05, so they were not 
considered significant. 
The proportion of the variability in number of pops that is explained by the factorial 
9 9 
fit model is R" = 77.5%. The R"adj = 57.8% explains the variability in number of pops 
adjusted for the number of terms in the model. 
The normal probability plot (Figure 15) illustrates the significance of the main effects 
as well as the interaction effects. The relative magnitude and the statistical significance of the 
effects is compared in the plot; the larger the percentage and the farther from the reference 
line, the stronger the effect. The residual plot (not shown) indicates that the data is normally 
distributed. The significance was calculated with a-value of 0.05. The straight line shows the 
position of the popping response if there had been no effects from the variables. The data is 
standardized by subtracting the mean from the individual value and dividing the result by the 
standard deviation. The data standardization allows plotting of all factors in the same graph. 
As it can be seen, FR is the most significant factor since it is further from the line than any 
other factor. The fact that FR is on the right hand side of the reference line, means that if the 
FR changes from the low to the high level (400mL/min to 500mL/min) the response (number 
of pops) increases. 
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Normal Probability Plot of the Standardized Effects 
(response is Number of Pops, Alpha = .05) 
0 1 2 
Standardized Effect 
• 
• 
Effect Type 
Not Significant 
Significant 
Factor Name 
A FR 
B D 
C AA 
FIGURE 15- NORMAL PROBABILITY PLOT FOR NUMBER OF POPS 
Based on the coefficients generated by the model the factorial fit formula was 
generated and is shown on the first row of Table 16. Apart from the factorial fit model, 
regression analyses were performed for number of pops (response) versus the factors of 
interest. Table 16 summarizes the regression equation, R and R
 adj values extracted from 
regression tables, as well as significant variables found from the p-values. The regression 
analysis shows that the FR is the most significant factor. 
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TABLE 16- REGRESSION ANALYSIS FOR NUMBER OF POPS (FR = 500, 400mL/min) 
Regression equation 
Number of pops = -70370 + 187.18FR + 5817D 
+244.7AA - 15.46FR*D - 0.6387FR*AA - 21.19 
D*AA + 0.05518 FR*D*AA 
Number of pops = - 1568 + 7.58 FR - 47 D - 2.66 AA 
Number of pops = - 2367 + 7.58 FR - 47 D 
Number of pops = - 2886 + 7.58 FR 
Number of pops = 1323 - 2.66 AA 
Number of pops = 1842 - 2.66 AA - 47 D 
Number of pops = 1043 - 47 D 
Number of pops = - 2087 - 2.66 AA + 7.58 FR 
p2 
77.5 
56.3 
50.2 
49.4 
6.1 
6.9 
0.8 
55.6 
R adi 
(%) 
57.82 
45.4 
42.6 
45.8 
0 
0 
0 
48.7 
Significant 
Factors 
FR 
FR 
FR 
FR 
none 
none 
none 
FR 
b) Log (number of pops) response (FR = 500,400mL/min) 
There was a wide range of number of pops counted for both replicates (tens to 
thousands). Since the number of pops is discrete data the use of log (number of pops) could 
simplify the analysis and lead to clearer graphical representations (Paul, 2005). The log 
(number of pops) was analyzed the same way as the number of pops described in the 
previous section. Log (number of pops) for both iterations performed in March are 
summarized in Table 17. The cube plot with the data for the first and second replicate is 
shown in Figure 16. The cube plot shows that the corner with minimum number of log 
(number of pops) was achieved for FR = 400mL/min, D = 12in and AA = 350L/min. The 
same was observed from the scatter cube plot even without considering AA (Figure 17). 
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TABLE 17 - LOG (NUMBER OF POPS) FOR MARCH RUNS 
Matrix ft 
1 
2 
3 
4 
5 
6 
7 
8 
AA 
(L/min) 
250 (-) 
250 (-) 
250 (-) 
250 (-) 
350 (+) 
350 (+) 
350 (+) 
350 (+) 
J) (in) 
10(-) 
10(-) 
12(+) 
12(+) 
10(-) 
10(-) 
12(+) 
12(+) 
_ FR 
(m L/min) 
400 (-) 
500 (+) 
400 (-) 
500 (+) 
400 (-) 
500 (+) 
400 (-) 
500 (+) 
^ First RepHcatt*s|iijf 
L6g(number of^pjojs) 
2.51 
3.05 
1.54 
2.46 
2.31 
2.32 
1.61 
3.15 
gHpfWcenJlReplicate 
Lou (^ftiber Of pops) 
2.57 
3.24 
1.85 
3.11 
1.97 
2.72 
1.43 
2.80 
12 
D (in) 
10 
1 4 ; 
iM4 
400 
m 
350 
AA (L/min) 
50 
FR (mL/min) 500 
FIGURE 16- CUBE PLOT FOR LOG (NUMBER OF POPS) 
(Note: Top number is the first replicate and bottom number is the second replicate) 
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3.0 
log (number of pops) 2-5 
2.0 _ 
1.5 -
10 
FIGURE 17- SCATTER PLOT FOR LOG (NUMBER OF POPS) RESPONSE 
A factorial fit model was constructed and the details are shown in Appendix 4. The 
proportion of the variability in number of pops that is explained by the model is R = 90.9%. 
The R adj = 83.0% explains the variability in number of pops adjusted for the number of 
terms in the model. This is a better correlation than for the number of pops. The factorial 
analysis showed that not only FR, but also D and FR*D interactions were significant factors 
that affected the log (number of pops). The p-value for FR was 0.0, for D it was 0.024, and 
for FR*D it was 0.013. These three values are less than 0.05 meaning that the effects are 
significant. All other p-values were above the a-value (0.05). Similar to number of pops 
response the main effects and the interaction effects are graphically illustrated in Figure 18. 
Interpreting the results represented in Figure 18, it is concluded that FR again has the highest 
effect since it has the largest relative magnitude and is farthest from the reference line. The 
FR and FR*D have positive effects since they are positioned on the right of the line. In 
500 
450
 FR (mL/min) 
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contrast, D has a negative effect since it lies on the left of the reference line. This outcome 
emphasizes once more the effect that high level of FR (500mL/min) and low level of D 
(lOin) have on popping. 
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Normal Probability Plot of the Standardized Effects 
(response is log (number of pops), Alpha = .05) 
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Effect Type 
• Not Significant 
• Significant 
Factor Name 
A FR 
B D 
C AA 
1 1 1 1 1 1 
- 2 0 2 4 6 8 
Standardized Effect 
FIGURE 18- NORMAL PROBABILITY PLOT FOR LOG (NUMBER OF POPS) RESPONSE 
The equation of factorial fit is included on the first row of Table 18. This table also 
summarizes the equations and R values from the regression analysis, as well as the 
significant factors found using the p-values. It is interesting to note that from this regression 
analysis, only the flow rate appeared as significant variable. 
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TABLE 18- REGRESSION ANALYSIS FOR LOG ( n u m b e r of pops) (FR = 500,400mL/min) 
Regression equation 
log (number of pops) = -13.19 + 0.05943FR +1.206D 
+0.1098AA -0.004775FR*D -3.125E-04FR*AA -0.01048 
D*AA + 2.900E-05 FR*D*AA 
log(number of pops) = 1.07 + 0.00885 FR - 0.170 D -
0.00255 AA 
log(number of pops) = 0.30 + 0.00885 FR - 0.170 D 
log(number of pops) = -1.57 + 0.00885 FR 
log(number of pops) = 3.18 - 0.00255 AA 
log(number of pops) = 5.05 - 0.00255 AA - 0.170 D 
log(number of pops) = 4.29 - 0.170 D 
log(number of pops) = - 0.80 + 0.00885 FR - 0.00255 AA 
R2 
<%) 
90.9 
72.7 
67.7 
59 
4.9 
13.6 
8.7 
63.9 
i ? 2 
** atli 
83.0 
65.8 
62.8 
56.1 
0 
0.3 
2.2 
58.4 
Significant 
Factors 
FR, D, FR*D 
FR 
FR 
FR 
none 
none 
none 
FR 
c) Film build response 
The summary of the film build data for the first and second iterations of March runs is 
shown in Table 19. 
TABLE 19 - FILM BUILD FOR MARCH RUNS 
Matrix* 
1 
2 
3 
4 
5 
6 
7 
8 
AA 
(L/min) 
250 (-) 
250 (-) 
250 (-) 
250 (-) 
350 (+) 
350 (+) 
350 (+) 
350 (+) 
» ( m ) 
10(-) 
10(-) 
12(+) 
12(+) 
10(-) 
10(-) 
12(+) 
12(+) 
FR 
(m L/min) 
400 (-) 
500 (+) 
400 (-) 
500 (+) 
400 (-) 
500 (+) 
400 (-) 
500 (+) 
First Replicate 
Film build 
(um) 
21.3 
29.0 
18.8 
22.9 
20.1 
27.4 
21.1 
26.9 
Second 
Replicate 
Film build (urn) 
21.8 
28.7 
18.8 
22.9 
21.3 
26.4 
16.0 
24.4 
The cube plot in Figure 19 shows that the corner with the minimum average film 
build (0.730um) corresponds to the corner with the minimum number of pops and log 
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(number of pops). However, this finding is not sufficient to draw conclusions about a 
relationship between film build and popping. 
12 
118.® 
D 
(in) 
10 
24.4 
17A 
IBA 
18.7 
350 
AA (L/min) 
250 
400 
FR (mL/min) 500 
FIGURE 19- CUBE PLOT FOR FILM BUILD RESPONSE (urn) 
(Note: Top number is the first replicate and bottom number is the second replicate) 
The factorial fit and regression analyses were conducted for film build versus all 
factors and their interactions similar to the cases for the number of pops and log (number of 
pops). From the factorial fit it was found that FR (p-value = 0.00) and D (p-value = 0.003), 
were the most significant parameters. The R explaining the variability of the data was 92.0% 
and R2adj equal to 85.0%. As D changes from low to high level and FR from high to low 
level, the film build decreases. This conclusion is drawn since the D is on the left side and FR 
on the right side of the reference line represented in Figure 20. 
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Normal Probability Plot of the Standardized Effects 
(response is Film build, Alpha = .05) 
Effect Type 
• Not Significant 
• Significant 
Factor Name 
A FR 
B D 
C AA 
0.0 2.5 5.0 
Standardized Effect 
10.0 
FIGURE 20- NORMAL PROBABILITY PLOT FOR FILM BUILD RESPONSE 
Table 20 summarizes the factorial fit and regression results of film build versus all 
factors and their interactions. Complete results of the factorial fit for film build are shown in 
Appendix 5. It can be seen from the R adj values that when considered alone, the FR has the 
most effect in variability of film build (66.7%) followed by D (10.9%). It should be noted 
that for film build the outcomes of factorial fit model and regression analysis are in 
agreement. Both tests show that FR and D are significant factors. 
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TABLE 20- REGRESSION ANALYSIS FOR FILM BUILD (FR = 500, 400) 
Regression equation (FR » 500, 400) 
Film build = -260.096 + 0.764540FR +24.4793D 
+0.8128AA -0.0666750FR*D -0.00213360FR*AA -
0.0781050D*AA + 0.0002032FR*D*AA 
Film build = 12.2 + 0.0616 FR - 1.52 D - 0.00063 AA 
Film build = - 4.54 + 0.0616 FR - 0.0006 AA 
Film build = 39.9 - 1.52 D - 0.0006 AA 
Film build = 39.8 - 1.52 D 
Film build = - 4.73 + 0.0616 FR 
Film build = 23.2 - 0.0006 AA 
Film build = 12.0 + 0.0616 FR - 1.52 D 
R* 
(%> 
92.0 
85.8 
68.9 
16.9 
16.9 
68.9 
0 
85.8 
(%) 
85.0 
82.3 
64.2 
4.1 
10.9 
66.7 
0 
83.6 
Significant 
Factors 
FR, D 
FR, D 
FR 
None 
none 
FR 
none 
FR, D 
4.2.2.2 Analysis of Variance 
After the sixteen runs of the Phase 1 matrix were completed and data analyzed, a new 
set of runs was performed in May-June. This set included some runs of the FR= 500mL/min 
plane in the cube plot and the Phase 2 design matrix. The results are summarized in Table 21. 
The number of pops obtained from the May-June runs, was lower compared to the March 
runs, for the same test conditions (i.e. FR = 500, 400mL/min planes of the cube plots). It was 
hypothesized that this difference might be due to the aging of the paint. The paint ages with 
time and the longer it stays in the system, the higher its viscosity (Tighe, 2005). The low 
number of pops for the aged paint was counter-intuitive to the findings reported by Imai and 
Tsubouchi (1980), which suggest that an increase in viscosity increases the susceptibility to 
popping. A viscosity test was done in June 24, 2005(Appendix 6), and the results indicated 
that the aged paint was thick (533 centipoise at lOOrpm). However, since there was no 
viscosity test done in March; there was no basis for comparison between the viscosity of 
paint used in March and May -June. The results of the viscosity test could not be used at this 
point to draw any conclusions for the variability in response. More about the viscosity tests 
will be discussed toward the end of this chapter. As a result of the lower number of pops for 
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the May-June runs, it was necessary to find out if the experiments run in March could be 
used together with the ones run in May-June before conducting any factorial or regression 
analysis. The analyses of variance as carried out averaging the number of pops from the 
FR=500, 400mL/min planes in March, against the results of same FR planes run in May-
June. For comparison purposes, the number of pops used in analysis of variance, are 
summarized in Table 22. 
Table 23 shows the variances to be unequal so the appropriate t-test to compare 
means was used. The t-test revealed that the means were unequal, so the results from March 
could not be pooled together with those of May-June (Table 24). 
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TABLE 22-RUNS FOR MARCH AND MAY-JUNE PERIODS 
Factors 
FR 
(ittL/min) 
500 
500 
500 
500 
400 
400 
400 
400 
D 
(in) 
12 
10 
12 
10 
12 
12 
10 
10 
AA 
(L/rain) 
350 
350 
250 
250 
350 
250 
350 
250 
March 
Number of pops / 123cm2 
1409, 627 
207,519 
305, 1301 
1123, 1734 
41,27 
35,71 
205, 93 
322, 368 
May - June 
Number of pops / 123m2 
226, 127, 209 
240 
111 
258 
7, 11 
15,9 
18,99 
27,58 
Note: Numbers separated by commas represent counting for each replicate under that run 
condition. 
Since the sample size was too small (<30) to conduct any z statistics, F-test for 
variances and t-statistic were chosen as appropriate for analyzing the statistical difference of 
the data for the two time periods. The F-test was performed to find if the two sets of 
experiments had equal variances. The variances were significantly different (Table 23). Then, 
the student t-test was performed to find if the means were significantly different. Two-sample 
t-test was used for data sets with unequal variances (Table 24). It was found that the mean 
values of the number of pops for the two time periods were statistically different. As a result 
the data from the two time periods could not be used together in data analysis. 
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TABLE 23- F-TEST: TWO-SAMPLE FOR VARIANCES 
Item 
Mean 
Variance 
Observations 
df 
F 
P(F<=f) one-tail 
F Critical one-tail 
March 
524.19 
309748.56 
16 
15 
33.83 
5.93E-08 
2.53 
May - June 
101.071 
9157.61 
14 
13 
TABLE 24- T-TEST: TWO-SAMPLE ASSUMING UNEQUAL VARIANCES 
Item 
Mean 
Variance 
Observations 
Hypothesized Mean 
Difference 
df 
tStat 
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t Critical two-tail 
March 
524.19 
309748.56 
16 
0 
16 
2.99 
0.0043 
1.75 
0.0087 
2.12 
May - June 
101.071 
9157.61 
14 
4.2.2.3 Phase 2 Matrix 
Based on the results described above, it was decided that reducing the FR and 
increasing D, would lead to reduced popping. However, increasing the distance higher than 
12in (30.5cm) and reducing the flow rate to less than 400mL/min would result in decreased 
film build (out of the manufacturer's minimum specification of 20.3um). It was decided that 
for the Phase 2 matrix, the existing levels of D and AA would be maintained and the new 
levels for the flow rate would be 400 and 350mL/min. 
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4.2.2.3.1 Alternatives for Dealing with Uneven Replicates 
There were uneven numbers of replicates for the Phase 2 matrix. Three replicates 
were performed for the low level of FR (350mL/min) and only two replicates for the high 
level (400mL/min). According to Ross (1996), there are several ways to deal with 
unbalanced factorial design. The first is to run the missing replicates. This is convenient for 
the analysis part, but it is time and resource consuming, so not always the preferred method. 
The second alternative is to reduce the number of replicates to the lowest number available 
by eliminating one replicate and in turn observing if it affects the results. The third 
alternative is to create an artificial replicate by averaging the responses from the existing 
replicates and use it in addition to the missing one. It is further suggested that the last two 
alternatives be tried together and compared, for better results (Ross, 1996). This approach 
was followed in this research and the following paragraphs will explain the last two 
alternatives. 
a) Analysis removing one replicate at a time 
First, the number of replicates was reduced to two (the lowest number available for 
FR=400mL/min). However, the question rose as to which of the FR=350mL/min replicates 
to dismiss. To overcome this problem, three separate analyses of data were conducted by 
removing one replicate at a time. The replicates are labeled in three shades of gray changing 
from light to dark gray, indicating the first, second and third replicate removed (Table 25). 
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TABLE 25 - ORDER OF REPLICATES REMOVED 
Date 
May 27, 2005 
May 31, 2005 
May 30, 2005 
June 1,2005 
May 27, 2005 
June 1,2005 
May 30, 2005 
June 1,2005 
May 30, 2005 
May 27, 2005 
May 30, 2005 
May 30, 2005 
May 31, 2005 
May 31, 2005 
June 1,2005 
May 31, 2005 
"June 2. 2005 
"June 2. 2005" 
June 2.2005 
June 2. 2005 
Run 
2 
1 
4 
8 
3 
6 
5 
5 
1 
4 
2 
3 
3 
2 
7 
4 
1 
4 
FR 
(mL/min) 
400 
400 
400 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
D(in) 
12 
12 
12 
12 
10 
10 
10 
10 
12 
10 
12 
10 
12 
10 
12 
10 
'1 
10'"" 12 
10 
AA 
(L/min) 
350 
350 
250 
250 
350 
350 
250 
250 
350 
350 
250 
250 
350 
350 
250 
250 
_ 350_ 
350 
250 
250 
Number of 
Pops/123cm2 
7 
11 
15 
9 
18 
99 
27 
58 
'.';; 5-: 
4 
3 
2 
0.01 
15 
3 
11 
3 
(>4 
4 
Log (number 
of pops) 
0.85 
1.04 
1.18 
0.95 
1.26 
2.00 
1.43 
1.76 
0.70 
0.60 
0.48 
0.30 
-2.00 
1.18 
0.48 
1.04 
0.48 
1.81 
0.M) 
6.30 
Factorial fit analyses were performed for experiments removing one replicate at a 
time for number of pops, log (number of pops), and film build responses. The results of 
factorial analysis are shown in Table 26. 
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TABLE 26- SUMMARY OF RESPONSES 
Item FR = 400,350mL/min 
Average Number 
of Pops per 
123cmJ 
Avg. 
Log(itumber of 
pops) 
Avg. Film 
buitd 
(pwn) 
Without the 1M replicate 
Minimum 
corner in cube 
plot (value of 
response and 
factor levels) 
Significant 
variable from 
factorial fit 
1.5 
FR = 350mL/min 
D = 12in 
AA = 350L/min 
D 
-0.76 
FR = 350mL/min 
D= 12in 
AA = 350L/min 
FR, D 
0.66 
FR = 350mL/min 
D = 12in 
AA = 250L/min 
FR, D, AA 
Without the 2nd replicate 
Minimum 
corner in cube 
plot (value of 
response and 
factor levels) 
Significant 
variable from 
factorial fit 
2 
350mL/min 
D = 12in 
AA = 250L/min 
None 
0.3 
350mL/min 
D = 12in 
AA = 250L/min 
FR 
0.635 
350mL/min 
D = 12in 
AA = 250L/min 
FR, D, AA 
Without me 3rd replicate !::>•:"•'•:.:. 
Minimum 
corner in cube 
plot (value of 
response and 
factor levels) 
Significant 
variable from 
factorial fit 
2.5 
FR = 350mL/min 
D = 12in 
AA = 350L/min 
None 
-0.650 
FR = 350mL/min 
D = 12in 
AA = 350L/min 
FR 
00.655 
350mL/min 
D = 12in 
AA = 250L/min 
FR, D, AA 
The number of pops was significantly affected by D when the first replicate was 
removed. However, none of the factors were significant when the second and third replicates 
were removed. The corner of the cube plot with the minimum averaged number of pops was 
the same for the first and third case, but changed for the second case. As it can be seen from 
the table, after removing the second replicate, the minimum number of pops was achieved at 
low levels of D and AA, and high level of FR. 
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The log (number of pops) response showed that FR and D were both significant 
variables when the first replicate was removed. However, FR was the only significant factor 
when the second and third replicates were removed. Corners of minimum log (number of 
pops) were the same as for number of pops. It should be noted that the negative value (-.0.76) 
for the averaged log (number of pops) when the first replicate is removed, was generated 
because one of the runs had zero number of pops. In order to calculate the logarithm for that 
run, a value of 0.01 was assigned for the number of pops instead. 
Considering the effects of factors on film build, it was found that FR, D, and AA 
were all significant factors for the three cases. The corner of minimum film build was the 
same for the first and second case, but changed for the third case (Table 26). 
The new outcome from these analyses was the consistent appearance of AA as 
significant factor for film build. This implies that as the FR decreases to low levels, the AA 
starts to have an affect on film build. However, except for the second case where the corner 
of minimum response changed to the low level of AA (250L/min), the AA showed no effect 
on the number of pops and log (number of pops). The findings from the removal of replicates 
are a bit surprising. The case might be that as the flow rate decreases the low levels of D and 
AA affect film build and popping. However, there is no consistent pattern established, that 
would suggest a strong relationship between parameters and responses. 
b) Analysis adding an averaged replicate 
After studying the results from removing replicates, the second alternative of dealing 
with uneven data - the average method- was considered. It was decided that the results from 
this alternative would be used in analyzing the experiments conducted in May-June (FR = 
400, 350mL/min). The reason behind this decision was that removing replicates one at a time 
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did not give consistent outcomes; as a result it was not easy to dismiss one replicate over the 
other. The arbitrary removal of one replicate was not considered a good approach. Therefore, 
the averaging method was used. The third replicate for FR= 400mL/min plane was calculated 
as the average response of the two measured replicates. Averaging was done for number of 
pops, log (number of pops), and film build. The data will be presented in sections pertaining 
to each response together with factorial and regression analyses. 
4.2.2.3.2 Factorial and Regression Analysis for the Phase 2 Matrix (FR = 400, 350mL/min) 
As mentioned in the previous section the alternative of adding an averaged replicate 
was selected for analysis of the new design parameters. The factorial fit model and regression 
were performed for these new experiments and the results for a) number of pops, b) log 
(number of pops), and c) film build are discussed in the following paragraphs, 
a) Popping response (FR = 400, 350mL/min) 
The summary of the number of pops for the three replicates are shown in Table 27. 
This table was used for the factorial and regression analyses. Regression does not need an 
equal number of replicates, so the use of the averaged replicate is not necessary. However, 
the use of equal replicates evens out the weighting between configurations of factors and so it 
was used in this case. The cube plot graphically illustrates the data generated by each 
condition (Figure 21). The calculated averages for the main and the interaction effects for 
each replicate are shown in Appendix 9. 
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TABLE 27- NUMBER OF POPS FOR MAY-JUNE RUNS 
Matrix # 
1 
2 
3 
4 
5 
6 
7 
8 
AA 
(L/nim) 
250 (-) 
250 (-) 
250 (-) 
250 (-) 
350 (+) 
350 (+) 
350 (+) 
350 (+) 
1) (in) 
10(-) 
10(-) 
12(+) 
12(+) 
10(-) 
10(-) 
12(+) 
12(+) 
FR 
(mL/min) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
First 
i ipli iati 
V i nihil 
<>l Pops / 
12 J i m 
2 
27 
3 
15 
4 
18 
5 
7 
Second 
replicate 
Number 
of P o p s / 
123cm2 
11 
58 
3 
9 
15 
99 
0 
11 
Third 
u p b u i l t 
IN urn be r 
ot Pops / 
123cm' 
2 
43* 
4 
12* 
64 
59* 
3 
9* 
Note: *averaged from the first and second iteration 
12 
D 
(in) 
10 
4 
T 
350 
4, iS,<B4 
17 , 58s 4: 
250 
FR (mL/min) 400 
FIGURE 2 1 - CUBE PLOT FOR NUMBER OF POPS 
(Note: numbers separated by comas correspond to the first, second and third replicates) 
The opposite faces of the cube present the (+) and (-) levels of the factors. The plot 
shows that the corner with minimum average number of pops is at FR = 350mL/min, D = 
76 
12in, and AA = 350L/min. The scatter plot in Figure 22 shows that the least variability in 
number of pops is for D = 12in and FR = 350mL/min. Factorial fit analysis were conducted 
for the three replicates and data are presented in Appendix 10. The proportion of the 
9 9 
variability in number of pops that is explained by the model is R = 60.9%. The R
 adj = 
43.8% explains the variability in number of pops adjusted for the number of terms in the 
model. The p-values for FR and D (0.017 and 0.004) were less than a-value (0.05), as a result 
both are considered significant factors. This result can also be seen from the normal 
probability plot in Figure 23. The p-values for all other factors were not considered 
significant. 
100 J 
Number of Pops 50 J 
400 
375
 FR (mL/min) 
FIGURE 22- SCATTER PLOT FOR NUMBER OF POPS RESPONSE 
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Normal Probability Plot of the Standardized Effects 
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FIGURE 23- NORMAL PROBABILITY PLOT FOR NUMBER OF POPS 
Regression analyses were performed and the data are summarized in Table 28. The 
first row of this table shows the equation generated from factorial fit analysis. It can be seen 
that factorial and regression test outcomes are in agreement with each other. For both tests 
FR and D are significant factors. The R
 adj for these regressions indicates weaker correlations 
than was the case for the FR = 400,500mL/min. This may be due to the popping values being 
at and near zero in the May-June data. 
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TABLE 28- REGRESSION ANALYSIS FOR NUMBER OF POPS (FR = 400,350mL/min) 
Regression equation 
Number of pops = -2110+ 5.070FR- 167.8D + 3.377AA-
0.3983FR*D - 0.005667FR*AA -0.2683D*AA + 
0.0004333FR*D*AA 
Popping = - 15.9 + 0.418 FR - 13.4 D + 0.0875 AA 
Popping = 10.4 +0.418 FR- 13.4 D 
Popping = - 137 +0.418 FR 
Popping = -6.1+0.088 AA 
Popping = 141 + 0.0875 AA - 13.4 D 
Popping = 167- 13.4 D 
Popping = - 163 + 0.0875 AA + 0.418 FR 
R2(%) 
60.9 
49 
45.9 
17.4 
3.0 
31.6 
28.5 
20.5 
R adj 
(%) 
43.8 
41.3 
40.8 
13.7 
0 
25 
25.3 
12.9 
Significant 
Factors 
FR, D 
FR, D 
FR, D 
FR 
None 
D 
D 
FR 
b) Log (number of pops) response (FR = 400, 350mL/min) 
The log (number of pops) data are summarized in Table 29. The log (number of pops) 
was analyzed the same way as the number of pops described in part (a). The cube plot with 
the data for the three replicates is shown in Figure 24. The cube plot shows that the corner 
with minimum number of log (number of pops) was achieved for FR = 350mL/min, D = 12in 
and AA = 350L/min. The same was observed from the scatter cube plot (Figure 25). One 
aspect to note about Figure 25 is the negative value (-2) of the log (number of pops). This 
negative number was the result of using a small decimal value (0.01) instead of zero to 
calculate the log (number of pops). If a different decimal was chosen, for example 0.1 or 
0.001 the results could have been different. However, this point was explored further in 
Section 4.2.2.5. 
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TABLE 29 - LOG (NUMBER OF POPS) FOR MAY-JUNE 
Matrix # 
1 
2 
3 
4 
5 
6 
7 
8 
AA 
(L/min) 
250 (-) 
250 (-) 
250 (-) 
250 (-) 
350(+) 
350 (+) 
350(+) 
350(+) 
I) (in) 
10(-) 
10(-) 
12(+) 
12(+) 
10(-) 
io(-) 
12(+) 
12(+) 
FR 
(mL/min) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
First 
replicate 
Log 
(number 
of pops) 
0.30 
1.43 
0.48 
1.18 
0.60 
1.26 
0.70 
0.85 
Second 
replicate 
Log 
(number 
of pops) 
1.04 
1.76 
0.48 
0.95 
1.18 
2.00 
-2.00** 
1.04 
Third _ 
replicate 
Log ;=-
(numberp 
of pops) 
0.30 
1.63* 
0.60 
1.08* 
1.81 
1.77* 
0.48 
0.95* 
Note: *'averagedfrom the first and second replicates 
** Number of pop was 0, so a value of 0.01 was used to calculate the log. 
12 
D 
(in) 
10 
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1„285 
1 4 3 , U S , 1S2 
250 
400 
FIGURE 24 - CUBE PLOT FOR LOG (NUMBER OF POPS) RESPONSE 
(Note: numbers separated by comas correspond to the first, second and third replicates) 
80 
log (number of pops) 
400 
375
 FR (mL/min) 
FIGURE 25- SCATTER PLOT FOR LOG (NUMBER OF POPS) RESPONSE 
The log (number of pops) response was analyzed with the factorial fit model. It was 
found that, as for the popping response, the FR and D were significant parameters. Results 
are illustrated in Figure 26. The p-values for FR and D (0.005 and 0.015) were less than a-
value (0.05), and as a result both are considered significant factors. The p-values for all other 
factors were above the significance level, so they were not considered significant. Complete 
results for factorial fit model are found in Appendix 11. 
81 
Normal Probability Plot of the Standardized Effects 
(response is log (number of pops), Alpha = .05) 
• 
D 
Effect Type 
Not Significant 
Significant 
Factor Name 
A FR 
B D 
C AA 
- 3 - 2 - 1 0 1 2 3 4 
Standardized Effect 
FIGURE 26- NORMAL PROBABILITY PLOT FOR LOG (NUMBER OF POPS) RESPONSE 
Factorial fit and regression equations as well as R values for log (number of pops) 
are shown in Table 30. Again based on the R2adj the FR accounts the most for the variability 
in log (number of pops). These correlations are again weaker than those for the March data. 
TABLE 30- REGRESSION ANALYSIS FOR LOG (NUMBER OF POPS) (FR = 400, 350mL/min) 
Regression equation 
log (number of pops) = -167.3 + 0.4238FR+14.81 ID + 
0.5722AA - 0.0372FR*D - 0.00141FR*AA - 0.05225 
D*AA + 0.0001287 FR*D*AA 
log (number of pops) = - 1.28 + 0.0162 FR - 0.339 D -
0.00058 AA 
log (number of pops) = - 1.45 + 0.0162 FR - 0.339 D 
log (number of pops) = - 5.18 + 0.0162 FR 
log (number of pops) = 1.08 - 0.00058 AA 
log (number of pops) = 4.81 - 0.00058 AA - 0.339 D 
log (number of pops) = 4.63 - 0.339 D 
log (number of pops) = - 5.01 - 0.00058 AA + 0.0162 FR 
R2(%) 
58.3 
47.0 
46.9 
27.6 
0.1 
19.4 
19.3 
27.7 
R adj 
(%) 
40.0 
39.1 
41.8 
24.3 
0 
11.7 
15.6 
20.9 
Significant 
Factors 
FR, D 
F R D 
F R D 
FR 
None 
D 
D 
FR 
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c) Film build response (FR= 400, 350mL/min) 
The values for basecoat film build for the three replicates are reported in Table 31. 
The cube plot in Figure 27 shows that the corner with minimum film build values is at FR = 
350mL/min, D = 12in, and AA = 250L/min. This finding is different than for number of pops 
and log (number of pops), which both have their minimum at AA = 350L/min. However, the 
minimum data variability in the scatter plot (Figure 28) is consistent with the number of 
pops, and log (number of pops). 
TABLE 31- FILM BUILD FOR MAY-JUNE RUNS 
Matrix* 
1 
2 
3 
4 
5 
6 
7 
8 
AA 
(L/min) 
250 (-) 
250 (-) 
250 (-) 
250 (-) 
350 (+) 
350 (+) 
350 (+) 
350 (+) 
D(in) 
10(-) 
10 (-) 
12(+) 
12(+) 
10(-) 
10(-) 
12(+) 
12(+) 
FR 
(mL/min) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
350 (-) 
400 (+) 
First 
Replicate 
Film build 
(Mm) 
19.1 
22.1 
16.0 
19.6 
20.1 
22.4 
17.5 
19.6 
Second 
Replicate 
Film build 
(nm) 
19.3 
22.4 
17.3 
19.6 
19.8 
22.6 
17.5 
20.6 
Third 
Replicate 
Film build 
(urn) 
19.1 
22.3* 
16.3 
19.6* 
19.8 
22.5* 
17.0 
20.1* 
Note: ^averaged from the first and second replicates 
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FIGURE 27- CUBE PLOT FOR FILM BUILD RESPONSE 
(Note: numbers separated by comas correspond to the first, second and third replicates) 
Film Build 
400 
375
 FR (mL/min) 
FIGURE 28- SCATTER PLOT FOR FILM BUILD RESPONSE 
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The factorial fit and regression analyses were conducted for film build versus all 
factors and their interactions similar to the number of pops and log (number of pops). From 
the factorial fit it was found that FR (p-value = 0.00) and D (p-value = 0.00), and AA (p-
value = 0.010) were all significant parameters. The R explaining the variability of the data 
was 98.0% and R2adj equal to 97.3%. As D changes from a low to high level and FR and AA 
from high to low level, the film build decreases. This conclusion is drawn since the D is on 
the left side and FR, AA are on the right side of the reference line represented in Figure 29. 
Normal Probability Plot of the Standardized Effects 
(response is Film Build, Alpha = .05) 
• 
• 
Effect Type 
Not Significant 
Significant 
Factor Name 
A FR 
B D 
C AA 
-20 -10 0 10 20 
Standardized Effect 
FIGURE 29- NORMAL PROBABILITY PLOT FOR FILM BUILD RESPONSE 
Table 32 summarizes the factorial fit and regression results of film build versus all 
factors and their interactions. Complete results of the factorial fit for film build are shown in 
Appendix 12. It can be seen from the R adj values that when considered alone the FR has the 
most affect in variability of film build (50.8%) followed by D (39.9%). It should be noted 
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that for film build the outcomes of factorial fit model and regression analysis are in 
agreement. Both tests show that FR , D, and AA are significant factors. It is interesting to see 
from the regression data (Table 32) that even though AA appeared as a significant variable 
for film build, it has 0% effect on the variability of response (R2adj)-
TABLE 32- REGRESSION ANALYSIS FOR FILM BUILD (FR = 400,350) 
Regression equation (FR = 400, 350) 
Film build = -15.4093 + 0.133773FR +0.21167D 
+0.098213-0.0046567FR*D -2.70933E-04FR*AA -
0.0055033D*AA + 1.69333E-05FR*D*AA 
Film Build = 10.5 + 0.0571 FR + 0.00593 AA - 1.28 D 
Film Build = - 3.56 + 0.0572 FR + 0.00593 AA 
Film Build = 32.0 - 1.28 D + 0.00593 AA 
Film Build = 33.7 - 1.28 D 
Film Build = - 1.78 + 0.0572 FR 
Film Build = 17.9 + 0.00593 AA 
Film Build = 12.3 - 1.28 D + 0.0571 FR 
R2(%) 
98.1 
97.8 
55.2 
44.8 
42.5 
53.0 
2.3 
95.5 
R adj 
(%) 
97.3 
97.4 
51.0 
39.6 
39.9 
50.8 
0 
95.1 
Significant 
Factors 
FR, D, AA 
FR,D,AA 
FR 
D 
D 
FR 
none 
FR,D 
4.2.2.4 Summary of Findings 
The findings for the March and May-June experiments are presented in Table 33. For 
both sets of runs the FR consistently is the most significant factor. One observation from this 
table is that in March experiments the R2acy values from factorial fit are quite different than 
the ones from regression. In contrast, for May-June runs the R~adj values are very much in 
agreement. This could be because at lower flow rate / popping / film build values, the 
importance of the distance parameter increases. Also, one interesting outcome is that for 
May-June runs, the AA is affecting the film build. However, the regression shows a low 
effect from this factor. 
Studying the number of pops for different flow rates reveals that moving from 
500mL/min to 400mL/min, the number of pops decreases drastically. The effect exists for a 
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decrease in FR from 400mL/min to 350mL/min, but is not as pronounced. Film build also 
follows the same pattern, decreasing as flow rate decreases. 
Predicting the number of pops based on process parameters is filled with uncertainty. 
The number of pops is moderately or weakly related to the process parameters, although 
adding the interactions of parameters to the equation increases the R2. Greater success results 
from trying to predict the log (number of pops) from process parameters. Film build is even 
more highly predictable from process parameters with some R2 values indicating strong 
relationship. Correlations are weaker with the data generated by May-June experiments. The 
data tend to decrease toward zero pops as the flow rate decreases. 
The experiments of this research were conducted in pilot scale. Panels were sprayed 
instead of a whole car. The findings might be different in real plant conditions. The shape of 
the car might affect the popping response. For example higher number of pops is observed in 
the areas of the car where thicker film build is thicker due to the non uniform spray and paint 
sagging. In addition paint application in areas of the car where metal is thicker take longer to 
heat during dehydration. As a result the dehydration is not complete so more pops are 
observed. Similarly non uniform air flow in the dehydration oven can lead to more popping. 
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TABLE 33- SUMMARY OF RESPONSES 
ITEM 
Minimum average response 
in cube plot 
Significant variable from 
factorial fit 
Significant variable from 
regression 
R2adj from factorial fit 
R
 adj from regression 
R2adi from regression for FR 
R
 adj from regression for D 
ITEM 
Minimum average response 
in cube plot 
Significant variable 
from factorial fit 
Significant variable from 
regression 
R"adi from factorial fit 
R adi from regression 
R2adj from regression for FR 
R2adi from regression for D 
R2adj from regression for AA 
March Runs FR 500, 400 (niL/min) 
Number of Pops/ 
123cm2 
34 
FR = 400mL/min 
D = 12in 
AA = 350L/min 
FR 
FR 
57.8 
45.4 
45.8 
0 
Log( number of 
pops) 
1.52 
FR = 400mL/min 
D= 12in 
AA = 350L/min 
FR, D, FR*D 
FR 
83 
65.8 
56.1 
2.2 
FB 
(jim) 
18.5 
FR = 400mL/min 
D = 12in 
AA = 350L/min 
FR,D 
FR,D 
85 
82.3 
66.7 
10.9 
May-June Runs FR 400, 350 (mL/min) 
2.97 
FR = 350mL/min 
D = 12in 
AA = 350L/min 
FR, D 
FR, D 
43.8 
41.3 
13.7 
25.3 
0 
-0.27 
FR = 350mL/min 
D = 12in 
AA = 350L/min 
FR,D 
FR,D 
40.1 
39.1 
24.3 
15.6 
0 
38.1 
FR = 350mL/min 
D = 12in 
AA = 250L/min 
FR, D, AA 
FR, D, AA 
97.3 
97.4 
50.8 
39.9 
0 
4.2.2.5 General Analysis of log (number of pops vs. film build 
It is reported in literature that the increase in film build increases the number of pops 
per unit area (Watson and Wicks, 1983). In order to investigate this relationship the log 
(number of pops) was plotted against film build. As it can be seen from Figure 30 a moderate 
linear relationship exists between log (number of pops) and film build. A point of zero pop in 
the May-June 350 runs is responsible for the negative value of the log (number of pops). To 
see if a better relationship would result by removing the point with zero popping, two plots 
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were created with and without the negative value (Figure 31 & 32). The correlation 
coefficient of the regression line indicates that removal of the negative value affects the 
relationship. However, the R"adj increased from 0.5023 to 0.5633 indicating that the 
relationship still remained moderate. Figure 30 indicates an increase of log (number of pops) 
with film build, but at the same time an increase of log (number of pops) with FR. Both 
popping and film build are dependant on FR, and the increase of popping with film build 
might be just a reflection of that fact. However, for a given FB, in general, a higher FR 
results in more popping. To give weight to this finding, Figure 33 was created by plotting log 
(number of pops) vs. FR, using data selected from Figure 30 where the film build was 
constant (20um ± 1). It can be seen from Figure 33 that the decrease in FR decreases the 
popping occurrences as the film build is maintained constant. However, the FR = 350mL/min 
gives higher and lower pops than FR = 400mL/min. There is also, an overlap between pops 
generated by these two flow rates. The R2acy for this relationship was 0.43. It could be that 
the decrease in FR by only 50mL/min is not sufficient to produce a response that is 
significantly different. In addition, the number of data points used was small and more data 
could have given a clearer picture of the effect of flow rate on popping at constant film build. 
From Figure 30 another thing can be observed: the range of film build for different 
flow rates. The film build is maintained within a range of 20.3u.rn to 33.02u.rn for FR = 
500mL/min, 15.24um to 22.9 um for FR = 400mL/min, and 15.3um to 20.3um for FR = 
350ml/min. There is an overlap on film build for the last two flow rates. However, the 
popping response was much lower for the lower flow rate: 350mL/min. This finding 
reinforces again the fact that flow rate is the most important factor in controlling popping. All 
other factors have some influence but they are less than FR. The flow rate influences the 
89 
atomized paint particle size. This may affect popping through a) a change in surface area, 
which in turn affects the evaporation of water from the spray, b) a change in the air trapped 
in the film immediately after spraying. 
From Figure 30 it can also be seen that for the same film build, the May-June 
experiments had lower number of pops than in the March experiments. This finding supports 
the fact that even though there might be a relationship between popping and film build, there 
are other factors that have an effect (i.e. FR). Watson and Wicks (1983), also reported that 
film build is not the only factor that effects popping. They attributed the popping variation to 
the changing Tg of polymers. However, the effect of Tg could not be held responsible for 
popping in our case, because only one type of coating was used. 
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4.2.2.6 New Paint Runs and Viscosity Test 
The number of pops obtained from May-June runs was lower compared to the runs 
conducted in March, for the same parameter levels. Anecdotal evidence suggests that 
viscosity is responsible for popping. To see if the paint characteristic might have some voice 
in the low result, Brookfield viscosity tests for basecoat were conducted on June 24, 2005 
with the aged paint, and in June 28, 2005 with a fresh paint (Appendix 6 & 7). It was shown 
the viscosity at lOOrpm of the old paint was almost double (533cp) that of the fresh paint 
(257cp). Since there was no viscosity test conducted in March, it is assumed that the paint 
used in March was of normal viscosity and therefore thinner than the one used in May-June. 
However, the lower numbers of pops in May-June is counter-intuitive to the conventional 
wisdom that the increase in viscosity increases the susceptibility to popping. 
In order to prove that the findings of this research were independent of viscosity, a 
batch of new paint was used to perform three runs, decreasing FR while maintaining the D at 
12in and AA at 350L/min. The runs were conducted in duplicate to assure repeatability. The 
data are presented in Table 34. It was observed that the popping occurrences followed the 
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same pattern as before. The decrease in FR was reflected in a lower of number of pops. As a 
result, viscosity is not considered to be the most significant factor in popping. One 
observation made from the runs with the new paint is that the viscosity affected film build. 
For the same conditions the film build was lower with the new paint as opposed to the old 
paint. However, popping was still present even though the film build was low. 
A viscosity test done for clearcoat showed that the viscosity (135.5 cp), was within 
the acceptable viscosity needed for paint application (Appendix 8). 
TABLE 34 - EXPERIMENTS WITH THE NEW PAINT 
Date 
June 27, 
2005 
June 28, 
2005 
June 28, 
2005 
June 28, 
2005 
June 28, 
2005 
June 27, 
2005 
FR 
(itiL/min) 
400 
500 
350 
500 
350 
400 
D 
(in) 
12 
12 
12 
12 
12 
12 
AA 
(L/min) 
350 
350 
350 
350 
250 
250 
Number 
of 
pops/ 
123m2 
6 
144 
1 
138 
0 
2 
BC 
Film 
Build 
(Target 
20.3 
pm) 
12.5 
16.8 
8.7 
16.8 
9.4 
11.4 
CC 
Film 
Build 
(Target 
50.8 
pm) 
44.2 
45.7 
44.5 
43.2 
43.2 
46.0 
% 
Applied 
Solids 
Before 
Dehydr. 
35.5 
34.7 
41.5 
37.7 
42.7 
40 
% 
Applied 
Solids 
After 
Dehydr. 
85.2 
86 
84.6 
85.9 
85.3 
89.1 
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CHAPTER 5 - CONCLUSION AND RECOMMENDATIONS 
The automotive paint process is complicated, cost intensive, and accounts for the 
majority of the emissions of the overall vehicle manufacturing process. Efforts are being 
made to reduce the environmental footprint of the painting process. One attempt is to switch 
from solvent-borne to waterborne basecoats. However, this process has been limited by the 
surface imperfections caused by waterborne paints. A known problem is popping of 
waterborne basecoats. The popping issue has been investigated by many researchers. 
This project focused on the dehydration and paint application stages and carefully 
studied the possible parameters related to popping. 
5.1 Conclusions 
From intensive data analysis the following conclusions were drawn: 
1. Dehydration of basecoat was investigated at different temperatures and line speeds. It 
was very difficult to obtain repeatable valid data for number of pops by varying dehydration 
conditions only. In the cases when popping occurred, the dry films were analyzed with SEM. 
The images showed no difference in film morphology when compared to reference images of 
the same paint without pop. 
2. Preliminary experiments were conducted to ensure repeatability in number of pops. It 
was found that significant popping response is achieved with non-electrostatic applicators as 
opposed to electrostatic bells. 
3. DOE was engaged for parameter selection. The data were analyzed through full factorial 
fit model and regression analysis. It was found that for the Phase 1 matrix (FR = 500, 
400mL/min) the flow rate (FR) played the most important role in popping response. As the 
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flow rate was reduced in the Phase 2 matrix (FR=400, 350mL/min), the distance from the 
panel (D) became significant as well. However, FR still had higher relative effect. 
4. Film build was found to be dependant on application parameters. Even for film build FR 
was the most significant parameter. However, as FR decreases to levels around 350mL/min, 
the atomizing air (AA) becomes significant. 
5. Study of the film build in relation to number of pops indicates that a moderate 
relationship exists. However, for the few experiments that were performed at the same film 
build, log (pops) was not a function of flow rate, at levels of FR = 400, 350mL/min 
5.2 Recommendations 
The following recommendations are suggested for advancing and validating the work 
started on this thesis: 
1. Perform a number of runs maintaining fixed parameters and observe the variability in the 
process. 
2. Maintain film build constant and change the flow rate in order to see the effect on 
number of pops. 
3. Apply basecoat using bells and robots utilizing the conditions presented in this work. 
Doing this would bring the experiments closer to plant conditions. 
4. Conduct viscosity tests every time a new set of runs is performed. 
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APPENDIX 1 
COLOR BOOTH ENVIRONMENTAL CONDITIONS 
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APPENDIX 2 
AVERAGE CALCULATIONS FOR MAIN AND INTERACTION AFFECTS 
(FR =500,400mL/min) 
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APPENDIX 3 
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Factorial Fit: Number of pops versus FR, D, AA (500, 400) 
Estimated 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
Effects 
Effect 
757 . 9 
-94 .4 
-266.4 
109.1 
-158.9 
364 .4 
275.9 
S = 361.452 R2 = 
and Coefficients 
Coef 
524 .2 
378.9 
-47.2 
-133 .2 
54 .6 
-79.4 
182.2 
137.9 
= 77.50% 
SE Coef 
90.36 
90.36 
90.36 
90.36 
90.36 
90.36 
90.36 
90.36 
R2(adj) 
for Number of pops (coded units) 
T 
5.80 
4 .19 
-0.52 
-1.47 
0.60 
-0.88 
2 .02 
1.53 
= 57. 
P 
0.000 
0.003 
0.616 
0.179 
0.563 
0.405 
0.079 
0 .165 
82% 
Analysis of Variance for Number 
Source 
Main Effects 
2-Way Interactions 
3-Way Interactions 
Residual Error 
Pure Error 
Total 
DF 
3 
3 
1 
8 
8 
15 
Seq SS 
2616947 
679675 
304428 
1045178 
1045179 
464622 
of pops 
Adj SS 
2616947 
679675 
304428 
1045178 
1045179 
coded units) 
Adj MS 
872316 
226558 
304428 
130647 
130647 
F 
6.68 
1.73 
2 .33 
0 
0 
0 
P 
014 
237 
165 
Estimated Coefficients for Number 
Term Coef 
Constant -70366.5 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
187 .185 
5817.25 
244 
-15. 
.670 
4613 
-0.638700 
-21. 1850 
FR*D*AA 0.0551750 
Predic 
Point 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
ted Response for New Design 
Fit 
803.00 
345.00 
1428.50 
1428.50 
34 .00 
1018.00 
149.00 
34.00 
1018.00 
53 .00 
803.00 
363 .00 
149.00 
363.00 
345.00 
53 .00 
SE Fit 
255.58 
255.58 
255 .58 
255.58 
255.58 
255.58 
255.58 
255.58 
255.58 
255.58 
255 .58 
255 .58 
255 .58 
255.58 
255.58 
255.58 
95% 
213.62, 
-244.38, 
839.12, 
839.12, 
-555.38, 
428.62, 
-440.38, 
-555.38, 
428.62, 
-536.38, 
213.62, 
-226.38, 
-440.38, 
-226.38, 
-244.38, 
-536.38, 
of pops using data 
Points Using Model 
CI 
1392.38) 
934.38) 
2017.88) 
2017.88) 
623.38) 
1607.38) 
738.38) 
623 .38) 
1607.38) 
642.38) 
1392.38) 
952.38) 
738.38) 
952.38) 
934.38) 
642.38) 
95% 
-217.84, 
-675.84, 
407.66, 
407.66, 
-986.84, 
-2.84, 
-871.84, 
-986.84, 
-2.84, 
-967.84, 
-217.84, 
-657.84, 
-871.84, 
-657.84, 
-675.84, 
-967.84, 
in uncoded units 
for Number of pops 
PI 
1823.84) 
1365.84) 
2449.34) 
2449.34) 
1054.84) 
2038.84) 
1169.84) 
1054 .84) 
2038.84) 
1073 .84) 
1823.84) 
1383 .84) 
1169.84) 
1383.84) 
1365.84) 
1073.84) 
APPENDIX 4 
FACTORIAL FIT DATA FOR LOG (NUMBER OF POPS) 
(FR = 500,400 mL/min) 
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Factorial Fit: log(number of pops) versus FR, D, AA (FR = 500, 400ml_/min) 
Estimated Effects and Coefficients for log(number of pops) (coded units) 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
S = 0 
Effect 
0.8850 
-0.3400 
-0.2550 
0.3925 
0.0325 
0.2575 
0.1450 
245357 R2 
2 
0 
-0 
-0 
0 
0 
0 
0 
Coef 
4163 
4425 
1700 
1275 
1963 
0162 
1287 
0725 
= 90.92% 
SE Coef 
0.06134 
0.06134 
0.06134 
0.06134 
0.06134 
0.06134 
0.06134 
0.06134 
R2(adj) 
T 
39.39 
7.21 
-2.77 
-2.08 
3 .20 
0.26 
2 .10 
1.18 
0 
0 
0 
0 
0 
0 
0 
0 
= 82.98% 
P 
000 
000 
024 
071 
013 
798 
069 
271 
Analysis of Variance for log(number of pops) (coded units) 
Source DF Seq SS Adj SS Adj MS 
Main Effects 
2-Way Interactions 
3-Way Interactions 
Residual Error 
Pure Error 
Total 
3 
3 
1 
8 
8 
15 
3 
0 
0 
0 
0 
5 
85540 
88567 
08410 
48160 
48160 
30677 
3 
0 
0 
0 
0 
85540 
88567 
08410 
48160 
48160 
1 
0 
0 
0 
0 
28513 
29522 
08410 
06020 
06020 
21 
4 
1 
35 
90 
40 
0 
0 
0 
000 
032 
271 
Estimated Coefficients for log(number of pops) using data in uncoded units 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
Coef 
-13.1925 
0.0594250 
1.20625 
0.109750 
-0.00477500 
-3.12500E-04 
-0.0104750 
2.90000E-05 
Predicted Response for New Design Points Using Model for log(number of pops) 
int 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
2 
2 
3 
3 
1 
2 
2 
1 
2 
1 
2 
2 
2 
2 
2 
1 
Fit 
79500 
54000 
14500 
14500 
52000 
97500 
14000 
52000 
97500 
69500 
79500 
52000 
14000 
52000 
54000 
69500 
SE Fit 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
17349 
(2 
(2 
(2 
(2 
(1 
(2 
(1 
(1 
(2 
(1 
(2 
(2 
(1 
(2 
(2 
(1 
95% 
39492, 
13992, 
74492, 
74492, 
11992, 
57492, 
73992, 
11992, 
57492, 
29492, 
39492, 
11992, 
73992, 
11992, 
13992, 
29492, 
CI 
3 
2 
3 
3 
1 
3 
2 
1 
3 
2 
3 
2 
2 
2 
2 
2 
19508) 
94008) 
54508) 
54508) 
92008) 
37508) 
54008) 
92008) 
37508) 
09508) 
19508) 
92008) 
54008) 
92008) 
94008) 
09508) 
(2 
(1 
(2 
(2 
(0 
(2 
(1 
(0 
(2 
(1 
(2 
(1 
(1 
(1 
(1 
(1 
95% 
10205, 
84705, 
45205, 
45205, 
82705, 
28205, 
44705, 
82705, 
28205, 
00205, 
10205, 
82705, 
44705, 
82705, 
84705, 
00205, 
PI 
3 
3 
3 
3 
2 
3 
2 
2 
3 
2 
3 
3 
2 
3 
3 
2 
48795) 
23295) 
83795) 
83795) 
21295) 
66795) 
83295) 
21295) 
66795) 
38795) 
48795) 
21295) 
83295) 
21295) 
23295) 
38795) 
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FACTORIAL FIT DATA FOR FILM BUILD (FR = 500, 400 mL/min) 
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Factorial Fit: Film build versus FR, D, AA 
Estimated Effects and Coefficients for Film build (coded units) 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
S = 1. 
Effect 
6.159 
-3.048 
-0.064 
-0.572 
0.508 
1.334 
1.016 
.48378 R2 
Coef 
22.987 
3.080 
-1.524 
-0.032 
-0.286 
0.254 
0.667 
0.508 
= 92.00% 
SE Coef 
0.3709 
0.3709 
0.3709 
0.3709 
0.3709 
0.3709 
0.3709 
0.3709 
R2(adj 
61 
8. 
-4 
-0 
-0 
0. 
1. 
1. 
) = 
T 
.97 
.30 
.11 
.09 
.77 
.68 
.80 
.37 
85. 
0 
0 
0. 
0. 
0. 
0. 
0. 
0. 
00° 
P 
.000 
.000 
.003 
.934 
.463 
.513 
.110 
.208 
Analysis of Variance for Film build (coded units) 
Source DF Seq SS Adj SS Adj MS 
Main Effects 
2-Way Interactions 
3-Way Interactions 
Residual Error 
Pure Error 
Total 
3 
3 
1 
8 
8 
15 
188. 
9 
4 
17. 
17. 
220. 
.935 
.452 
.129 
.613 
.613 
.129 
188 
9 
4 
17. 
17. 
.935 
.452 
.129 
.613 
.613 
62 
3 
4 
2. 
2 
.978 
.151 
.129 
.202 
.202 
28 
1. 
1 
.61 
.43 
.88 
0 
0. 
0 
.000 
.304 
.208 
Unusual Observations for Film build 
Obs StdOrder Film build Fit SE Fit Residual St Resid 
5 15 21.0820 18.5420 1.0492 2.5400 2.42R 
8 7 16.0020 18.5420 1.0492 -2.5400 -2.42R 
R denotes an observation with a large standardized residual. 
Estimated Coefficients for Film build using data in uncoded units 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
Coef 
-260.096 
0 .764540 
24.4793 
0.812800 
-0.0666750 
-0.00213360 
-0.0781050 
0.000203200 
Predicted Response for New Design Points Using Model for Film build 
Point .t
1 
2 
3 
4 
5 
6 
22 
21 
28 
28. 
18 
25 
Fit 
.8600 
.5900 
.8290 
.8290 
.5420 
.6540 
SE Fit 
1. 
1. 
1. 
1 . 
1. 
1. 
.0492 
.0492 
.0492 
0492 
,0492 
.0492 
(20 
(19 
(26 
(26. 
(16. 
(23 
95% 
.4406, 
.1706, 
.4096, 
.4096, 
.1226, 
.2346, 
CI 
25 
24 
31 
31 
20 
28 
.2794) 
.0094) 
.2484) 
.2484) 
.9614) 
.0734) 
(18 
(17 
(24 
(24 
(14 
(21 
. 95% 
.6694, 
.3994, 
.6384, 
.6384, 
.3514, 
.4634, 
PI 
27 
25 
33 . 
33 . 
22. 
29. 
.0506 
.7806 
0196 
0196 
.7326 
. 8446 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
20 
18 
25 
18 
22 
26. 
20. 
26 
21. 
18. 
. 7010 
.5420 
.6540 
.7960 
.8600 
.9240 
.7010 
.9240 
.5900 
.7960 
1. 
1. 
1. 
1 
1 
1. 
1. 
1. 
1. 
1. 
.0492 
.0492 
.0492 
.0492 
.0492 
.0492 
.0492 
.0492 
,0492 
. 0492 
(18 
(16. 
(23 
(16 
(20 
(24. 
(18 
(24 
(19. 
(16. 
.2816 
.1226 
.2346 
.3766 
.4406 
.5046 
.2816 
.5046 
.1706 
.3766 
23 
20 
28 
21 
25 
29 
23 
29 
24 . 
21. 
.1204) 
.9614) 
.0734) 
.2154) 
.2794) 
.3434) 
.1204) 
.3434) 
0094) 
.2154) 
(16 
(14 
(21. 
(14 
(18 
(22. 
(16. 
(22 
(17. 
(14, 
.5104, 
.3514, 
.4634, 
.6054, 
.6694, 
.7334, 
.5104, 
.7334, 
,3994, 
.6054, 
24 
22 
29 
22 
27 
31 
24 
31 
25, 
22, 
.8916) 
.7326) 
.8446) 
.9866) 
.0506) 
.1146) 
.8916) 
.1146) 
.7806) 
.9866) 
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VISCOSITY TEST FOR OLD BASECOAT PAINT 
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Sample 
Sampled 
Test Date 
Lab# 
ACRF - PPG BB8- Drum 
June 24/05- 8:00 am 
June 24/05 
121197 
# 4 Ford Cup Viscosity (Sample as Received) Solids Concentration 
Ref 1.17.52 minutes/seconds 
1.18.81 minutes/seconds 
1.20.14 minutes/seconds 
minutes/seconds 
Ave minutes/seconds 
Tray (g) = 0.9911 
Sample (g) = 0.7545 
Solids + Tray (g) = 1.2457 
Solids (g) = 0.2546 
Solids Concentration = 3 3 . 7 % 
Brookfield Viscosity DV11+ 
Spindle 
3 
4 
RPM 
100 
200 
Viscosity - CP 
533.0 
393.0 
Torque % 
53.0 
39.3 
Density 
266.60 
Empty Cup 167.73 
9.91 lb/Imperial gallon 
8.25 lb/US gallon 
All samples were tested after 15 minutes shake. 
APPENDIX 7 
VISCOSITY TEST FOR NEW BASECOAT PAINT 
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Sample 
Sampled 
Test Date 
Lab# 
ACRF - PPG BB8- System 1 
June 28/05 
June 28/05 
121228 
# 4 Ford Cup Viscosity (Sample as Received) Solids Concentration 
Ref 25.02 seconds 
24.99 seconds 
24.89 seconds 
24.94 seconds 
Ave 24.94 seconds 
Tray (g) = 0.9884 
Sample (g) = 0.7292 
Solids + Tray (g) = 1.2224 
Solids (g) = 0.2340 
Solids Concentration = 3 2 . 1 % 
Brookfield Viscosity DV11+ 
Spindle 
3 
4 
RPM 
100 
200 
Viscosity - CP 
257.0 
202.0 
Torque % 
25.7 
20.2 
Density 
263.64 
Empty Cup 167.73 
9.61 lb/Imperial gallon 
8.00 lb/US gallon 
All samples were tested after 15 minutes shake. 
APPENDIX 8 
VISCOSITY TEST FOR CLEAR COAT 
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Sample ACRF - PPG DCT 5555k 
Sampled Sampled on June 28 / 2005 
Test Date June 28 / 2005 
Lab# 121229 
#4 Ford Cup Viscosity (Sample as Received) Solids Concentration 
Ref 
Ave 
23.59 seconds 
23.77 seconds 
23.92 seconds 
24.04 seconds 
23 .91 seconds 
Tray (g) = 
Sample (g) = 
Solids + Tray (g) = 
Solids (g) = 
Solids Concentration = 
0.9884 
0.7326 
1.3995 
0.4111 
5 6 . 1 % 
Brookfield Viscosity DV11+ 
Density 
Spindle 
3 
4 
RPM 
200 
200 
Viscosity - CP 
135.5 
116.0 
Torque % 
27.1 
11.6 
255.44 
Empty Cup 167.73 
8.79 lb/Imperial gallon 
7.32 lb/US gallon 
All samples were tested after 15 minutes shake. 
APPENDIX 9 
AVERAGE CALCULATIONS FOR MAIN AND INTERACTION AFFECTS 
(FR = 400, 350mL/min) 
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My matrix # 
8 
5 
6 
4 
7 
2 
3 
1 
Overall count First Replicate 
Run 
1 
2 
3 
4 
5 
6 
7 
8 
i \ \ ( . 
- \ \ ( , 
1 M i l l 
\A 
-1 
-1 
-1 
-1 
1 
1 
1 
1 
8.5 
11.75 
-3.25 
D 
-1 
-1 
1 
1 
-1 
-1 
1 
1 
7.5 
12.75 
-5.25 
FR 
-1 
-1 
-1 
-1 
16.75 
3.5 
13.25 
AA,D 
1 
1 
-1 
-1 
-1 
-1 
1 
1 
10.25 
10 
0.25 
AA,FR 
1 
-1 
1 
-1 
-1 
1 
-1 
1 
7.5 
12.75 
-5.25 
D,ER 
1 
-1 
-1 
1 
1 
-1 
-1 
1 
7 
13.25 
-6.25 
A\,I),I<K 
-1 
-1 
-1 
-1 
10.25 
10 
0.25 
Response 
2 
27 
3 
15 
4 
18 
5 
7 
i t tWTOlt t f t t t 
8 
5 
6 
4 
7 
2 
3 
1 
Overall Counting, Second Replicate 
• • M i l 
1 
2 
3 
4 
5 
6 
7 
8 
+AVG 
- -AVG 
Effect 
mmm 
-i 
-l 
-i 
-i 
31.25 
20.25 
11 
«B5; j>ss* 
-l 
-l 
I 
I 
-l 
-l 
i 
I 
5.75 
45.75 
-40 
^ i F R V 
-1 
1 
-1 
1 
-1 
1 
-1 
1 
44.25 
7.25 
37 
AA,D 
1 
1 
-1 
-1 
-1 
-1 
1 
1 
20 
31.5 
-11.5 
AA,FR 
1 
-1 
1 
-1 
-1 
1 
-1 
1 
31 
20.5 
10.5 
D,FR 
1 
-1 
-1 
1 
1 
-1 
-1 
1 
11.5 
40 
-28.5 
AA,D,FR 
-1 
1 
1 
-1 
1 
-1 
-1 
1 
21.75 
29.75 
-8 
Response 
11 
58 
3 
9 
15 
99 
0 
11 
•Hkiffiifflfisilii 
8 
5 
6 
4 
7 
2 
3 
1 
mmm i 
2 
3 
4 
5 
6 
7 
8 
i - \ \ ( . 
- \ \ ( . 
1 Neil 
AA 
-1 
-1 
-1 
-1 
1 
1 
1 
1 
33.75 
15.25 
18.5 
D 
-1 
-1 
1 
1 
-1 
-1 
1 
1 
7 
42 
-35 
Overall count, Third 
FR 
-1 
1 
-1 
1 
-1 
1 
-1 
1 
30.75 
18.25 
12.5 
AA,1) 
1 
1 
-1 
-1 
-1 
-1 
1 
1 
14.25 
34.75 
-20.5 
Replicate 
\A ,FR 
1 
-1 
1 
-1 
-1 
1 
-1 
1 
18.5 
30.5 
-12 
n ,FR 
1 
-1 
-1 
1 
1 
-1 
-1 
1 
21.75 
27.25 
-5.5 
\ \ , 1 ) ,FR 
-1 
1 
1 
-1 
1 
-1 
-1 
1 
30 
19 
11 
Response 
2 
43 
4 
12 
64 
59 
3 
9 
APPENDIX 10 
FACTORIAL FIT DATA FOR NUMBER OF POPS (FR = 400, 350mL/min) 
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Factorial Fit: Number of pops versus FR, D, AA (FR = 400, 350mL/min) 
Estimated Effects and Coefficients for Popping (coded units) 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
Effect 
20.92 
-26.75 
8.75 
-13.42 
-2.25 
-10.58 
1.08 
S = 19.1953 R2 
Coef 
20.13 
10.46 
-13.37 
4 .38 
-6.71 
-1.12 
-5.29 
0.54 
= 60.86% 
SE Coef 
3.918 
3.918 
3 .918 
3.918 
3 .918 
3 .918 
3 .918 
3.918 
R2(adj 
5 
2 
-3 
1 
-1 
-0. 
-1. 
0. 
) = 
T 
.14 
.67 
.41 
.12 
. 71 
.29 
.35 
.14 
43 . 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
P 
.000 
.017 
.004 
.281 
.106 
.778 
.196 
,892 
74% 
Analysis of Variance for Number of pops (coded units) 
Source 
Main Effects 
2-Way Interactions 
3-Way Interactions 
Residual Error 
Pure Error 
DF 
3 
3 
1 
16 
16 
Seq SS 
7377.8 
1782.5 
7.0 
5895.3 
5895.3 
Adj 
7377 
1782 
7. 
5895 
5895 
SS 
.79 
.46 
.04 
.33 
.33 
Adj 
2459 
594 
7 
368 
368 
MS 
.26 
.15 
.04 
.46 
.46 
6. 
1. 
0. 
F 
.67 
.61 
.02 
0. 
0. 
0. 
P 
.004 
.226 
.892 
Total 23 15062.6 
Obs 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
StdOrder 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
Popping 
2.0000 
27.0000 
3 .0000 
15.0000 
4.0000 
18.0000 
5.0000 
7.0000 
11.0000 
58 .0000 
3.0000 
9.0000 
15.0000 
99.0000 
0.0000 
11.0000 
2.0000 
43.0000 
4.0000 
12.0000 
64.0000 
59.0000 
3.0000 
9.0000 
5 
42 
3 
12 
27 
58 
2 
9 
5 
42 
3 
12 
27 
58 
2 
9 
5 
42 
3 
12 
27. 
58. 
2. 
9 
Fit 
.0000 
.6667 
.3333 
.0000 
.6667 
.6667 
.6667 
.0000 
.0000 
.6667 
.3333 
.0000 
.6667 
.6667 
.6667 
.0000 
.0000 
.6667 
.3333 
.0000 
.6667 
.6667 
.6667 
.0000 
SE Fit 
11 
11 
11 
11 
11 
11 
11 
11 
11. 
11 
11 
11 
11 
11 
11. 
11. 
11. 
11 
11. 
11 
11. 
11 . 
11. 
11. 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
.0824 
0824 
.0824 
.0824 
Res: 
-3 
-15 
-0 
3 
-23 
-40 
2 
-2 
6. 
15 
-0. 
-3 . 
-12. 
40 
-2 . 
2. 
-3 . 
0. 
0. 
0 
36. 
0. 
0, 
0. 
Ldual St Resid 
.0000 
.6667 
.3333 
.0000 
.6667 
.6667 
.3333 
.0000 
.0000 
.3333 
.3333 
0000 
.6667 
.3333 
6667 
.0000 
0000 
.3333 
.6667 
.0000 
.3333 
.3333 
.3333 
.0000 
-0 
-1 
-0 
0 
-1. 
-2 
0 
-0 
0. 
0. 
-0. 
-0. 
-0. 
2 
-0. 
0. 
-0. 
0. 
0. 
0 
2 . 
0. 
0, 
0. 
.19 
.00 
.02 
.19 
.51 
. 5 9R 
.15 
.13 
.38 
.98 
.02 
.19 
.81 
. 57R 
.17 
.13 
.19 
.02 
.04 
.00 
32R 
.02 
.02 
.00 
R denotes an observation with a large standardized residual. 
Estimated Coefficients for Number of pops using data in uncoded units 
Term Coef 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
Predicted 
Point 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
5 
42 
3 
12 
27 
58 
2 
9 
5 
42 
3 
12 
27 
58 
2 
9 
5 
42 
3 
12 
27 
58 
2 
9 
-2109.50 
5 .0700 
167.750 
3 .3767 
-0.398333 
-0.0056667 
-0. 26833 
0.00043333 
Response for New Design Points Using 
Fit 
0000 
6667 
3333 
0000 
6667 
6667 
6667 
0000 
0000 
6667 
3333 
0000 
6667 
6667 
6667 
0000 
0000 
6667 
3333 
0000 
6667 
6667 
6667 
0000 
SE Fit 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
11.0824 
-18 
19 
-20 
-11 
4 
35 
-20 
-14 
-18 
19 
-20 
-11 
4 
35 
-20 
-14 
-18 
19 
-20 
-11 
4 
35 
-20 
-14 
95% CI 
4936 
1730 
1603 
4936 
1730 
1730 
8270 
4936 
4936 
1730 
1603 
4936 
1730 
1730 
8270 
4936 
4936 
1730 
1603 
4936 
1730 
1730 
8270 
4936 
28 
66 
26 
35 
51 
82 
26 
32 
28 
66 
26 
35 
51 
82 
26 
32 
28 
66 
26 
35 
51 
82 
26 
32 
.4936) 
.1603) 
8270) 
4936) 
.1603) 
.1603) 
1603) 
4936) 
4936) 
.1603) 
8270) 
4936) 
1603) 
1603) 
1603) 
4936) 
4936) 
1603) 
8270) 
4936) . 
1603) 
1603) 
1603) 
4936) 
Model for 
-41 
-4 
-43 
-34 
-19 
11 
-44 
-37 
-41 
-4 
-43 
-34 
-19 
11 
-44 
-37 
-41 
-4 
-43 
-34 
-19 
11 
-44 
-37 
95% 
9872, 
3206, 
6539, 
9872, 
3206, 
6794, 
3206, 
9872, 
9872, 
3206, 
6539, 
9872, 
3206, 
6794, 
3206, 
9872, 
9872, 
3206, 
6539, 
9872, 
3206, 
6794, 
3206, 
9872, 
Number of pops 
PI 
51 
89 
50 
58 
74 
105 
49 
55 
51 
89 
50 
58 
74 
105 
49 
55 
51 
89 
50 
58 
74 
105 
49 
55 
9872) 
6539) 
3206) 
9872) 
6539) 
6539) 
6539) 
9872) 
9872) 
6539) 
3206) 
9872) 
6539) 
6539) 
6539) 
9872) 
9872) 
6539) 
3206) 
9872) 
6539) 
6539) 
6539) 
9872) 
APPENDIX 11 
FACTORIAL FIT DATA FOR LOG (NUMBER OF POPS) (FR = 400,350mL/min) 
Factorial Fit: log (number of pops) versus FR, D, AA 
Estimated Effects and Coefficients for log (number of pops) (coded units) 
Term Effect Coef SE Coef 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
S = 0, 
0 
-0 
-0 
0 
0. 
-0. 
0 
.611157 
.8117 
.6783 
.0583 
.0700 
.0133 
.4000 
.3217 
R2 
0.9033 
0.4058 
-0.3392 
-0.0292 
0.0350 
0.0067 
-0.2000 
0.1608 
= 58.27% 
0.1248 
0.1248 
0.1248 
0.1248 
0.1248 
0.1248 
0.1248 
0.1248 
R2(adj) 
7.24 
3 .25 
-2 .72 
-0.23 
0.28 
0.05 
-1.60 
1.29 
0 
0. 
0. 
0. 
0 
0. 
0. 
0. 
= 40.01% 
.000 
.005 
.015 
.818 
.783 
.958 
.128 
.216 
Analysis of Variance for log (number of pops) (coded units) 
Source 
Main Effects 
2-Way 
3-Way 
Interact. 
Interact: 
Residual Error 
Pure 
Total 
Error 
Obs StdOrder 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
DF 
3 
ions 3 
ions 1 
16 
16 
23 
log 
(number 
of pops) 
0.30000 
1.43000 
0.48000 
1.18000 
0.60000 
1.26000 
0.70000 
0.85000 
1.04000 
1.76000 
0.48000 
0.95000 
1.18000 
2.00000 
-2.00000 
1.04000 
0.30000 
1.60000 
0.60000 
1.07000 
1.81000 
1.63000 
0.48000 
0.94000 
Seq SS Adj SS Adj MS F 
6.7341 6 
0.9905 0 
0.6208 0 
5.9762 5 
5.9762 5 
14.3215 
Fit 
0.54667 
1.59667 
0.52000 
1.06667 
1.19667 
1.63000 
-0.27333 
0.94333 
0.54667 
1.59667 
0.52000 
1.06667 
1.19667 
1.63000 
-0.27333 
0.94333 
0.54667 
1.59667 
0.52000 
1.06667 
1.19667 
1.63000 
-0.27333 
0.94333 
.7341 2. 
.9905 0. 
.6208 0. 
.9762 0. 
.9762 0. 
SE Fit 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
0.35285 
2447 6.01 
.3302 0.88 
.6208 1.66 
.3735 
.3735 
Residual 
-0.24667 
-0.16667 
-0.04000 
0.11333 
-0.59667 
-0.37000 
0.97333 
-0.09333 
0.49333 
0.16333 
-0.04000 
-0.11667 
-0.01667 
0.37000 
-1.72667 
0.09667 
-0.24667 
0.00333 
0.08000 
0.00333 
0.61333 
0.00000 
0.75333 
-0.00333 
P 
0.006 
0.470 
0.216 
St Resid 
-0.49 
-0.33 
-0.08 
0.23 
-1.20 
-0 .74 
1.95 
-0.19 
0 .99 
0.33 
-0.08 
-0.23 
-0 .03 
0.74 
-3 .46R 
0.19 
-0.49 
0.01 
0.16 
0.01 
1.23 
0.00 
1.51 
-0.01 
R denotes an observation with a large standardized residual. 
Estimated Coefficients for log (number of pops) using data in uncoded units 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
Coef 
-167.328 
0.423833 
14.8108 
0.572167 
-0.0372000 
-0.00141000 
-0.0522500 
0.000128667 
Predicted Response for New Design Points Using Model for log (number of pops) 
nt 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2 0, 
21 
22 
23 
24 
0 
1 
0 
1 
1 
1 
-0 
0 
0 
1 
0 
1 
1 
1 
-0 
0 
0 
1 
0 
1 
1 
1 
-0 
0 
Fit 
54667 
59667 
52000 
06667 
19667 
63000 
27333 
94333 
54667 
59667 
52000 
06667 
19667 
63000 
27333 
94333 
54667 
59667 
52000 
06667 
19667 
63000 
27333 
94333 
SE Fit 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
35285 
.35285 
.35285 
.35285 
35285 
35285 
35285 
35285 
.35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
35285 
-0 
0 
-0 
0 
0 
0 
-1 
0 
-0 
0 
-0 
0 
0 
0 
-1 
0 
-0 
0 
-0 
0 
0 
0 
-1 
0 
95 
20135 
84865 
22801 
31865 
44865 
88199 
02135 
19532 
20135 
84865 
22801 
31865 
44865 
88199 
02135 
19532 
20135 
84865 
22801 
31865 
44865 
88199 
02135 
19532 
s CI 
1 
2 
1 
1 
1 
2 
0 
1 
1 
2 
1 
1 
1 
2 
0 
1 
1 
2 
1 
1 
1 
2 
0 
1 
29468) 
.34468) 
26801) 
.81468) 
94468) 
37801) 
47468) 
69135) 
29468) 
34468) 
26801) 
81468) 
94468) 
37801) 
47468) 
69135) 
29468) 
34468) 
26801) 
81468) 
94468) 
37801) 
47468) 
69135) 
-0 
0 
-0 
-0 
-0 
0 
-1 
-0 
-0 
0 
-0 
-0 
-0 
0 
-1 
-0 
-0 
0 
-0 
-0 
-0 
0 
-1 
-0 
95 
94936 
10064 
97602 
42936 
29936 
13398 
76936 
55269 
94936 
10064 
97602 
42936 
29936 
13398 
76936 
55269 
94936 
10064 
97602 
42936 
29936 
13398 
76936 
55269 
s PI 
2 
3 
2 
2 
2 
3 
1 
2 
2 
3 
2 
2 
2 
3 
1 
2 
2 
3 
2 
2 
2 
3 
1 
2 
04269 
09269 
01602 
56269 
69269 
12602 
22269 
43936 
04269 
09269 
01602 
56269 
69269 
12602 
22269 
43936 
04269 
09269 
01602 
56269 
69269 
12602 
22269 
43936 
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APPENDIX 12 
FACTORIAL FIT DATA FOR FILM BUILD (FR = 400, 350mL/min) 
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Factorial Fit: Film Build versus FR, D, AA 
Estimated Effects and Coefficients for Film Build (coded units) 
Term 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
S = 0. 
Effect 
2.858 
-2.561 
0.593 
0.021 
-0.212 
0.085 
0.042 
.329956 R2 
Coef 
19.653 
1.429 
-1.281 
0.296 
0.011 
-0.106 
0.042 
0.021 
= 98.12 
SE Coef 
0.06735 
0.06735 
0.06735 
0.06735 
0.06735 
0.06735 
0.06735 
0.06735 
% R2(ad 
291 
21 
-19 
4 
0 
-1. 
0 
0. 
j ) = 
T 
.80 
.21 
.01 
.40 
.16 
.57 
.63 
.31 
97. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
P 
.000 
.000 
.000 
.000 
. 877 
.136 
,539 
.757 
29% 
Analysis of Variance for Film Build (coded units) 
Source 
Main Effects 
2-Way 
3-Way 
Interact: 
Interact: 
Residual Error 
Pure 
Total 
Error 
Obs StdOrder 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
DF S( 
3 90 
ions 3 0 
ions 1 0 
16 1 
16 1 
23 92 
Film Build 
19.0500 
22.0980 
16.0020 
19.5580 
20.0660 
22.3520 
17.5260 
19.5580 
19.3040 
22.3520 
17.2720 
19.5580 
19.8120 
22.6060 
17.5260 
20.5740 
19.0500 
22.2250 
16.2560 
19.5580 
19.8120 
22.4790 
17.0180 
20.0660 
eq SS Adj SS 
.4568 90 
.3145 0 
.0108 0 
.7419 1 
.7419 1 
.5240 
Fit 
19.1347 
22.2250 
16.5100 
19.5580 
19.8967 
22.4790 
17.3567 
20.0660 
19.1347 
22.2250 
16.5100 
19.5580 
19.8967 
22.4790 
17.3567 
20.0660 
19.1347 
22.2250 
16.5100 
19.5580 
19.8967 
22.4790 
17.3567 
20.0660 
Adj MS 
.4568 30 
.3145 
.0108 
.7419 
.7419 
SE Fit 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0 
0 
0 
0 
.1523 276 
.1048 0 
.0108 0 
.1089 
.1089 
F P 
.95 0.000 
.96 0.434 
.10 0.757 
Residual St Resid 
-0 .0847 
-0.1270 
-0.5080 
0.0000 
0.1693 
-0.1270 
0.1693 
-0.5080 
0.1693 
0.1270 
0.7620 
0.0000 
-0.0847 
0.1270 
0.1693 
0.5080 
-0.0847 
0.0000 
-0.2540 
0.0000 
-0.0847 
0.0000 
-0.3387 
0.0000 
-0.31 
-0.47 
-1.89 
0.00 
0.63 
-0.47 
0.63 
-1.89 
0.63 
0.47 
2.83R 
0.00 
-0.31 
0.47 
0.63 
1.89 
-0.31 
0.00 
-0.94 
0.00 
-0.31 
0.00 
-1.26 
0.00 
R denotes an observation with a large standardized residual. 
Estimated Coefficients for Film Build using data in uncoded units 
Term Coef 
Constant 
FR 
D 
AA 
FR*D 
FR*AA 
D*AA 
FR*D*AA 
Predic 
Point 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
ted 
19 
22 
16 
19 
19 
22 
17 
20 
19 
22 
16 
19 
19 
22 
17 
20 
19 
22 
16 
19 
19 
22 
17 
20 
15.4093 
0.133773 
0.21167 
0.098213 
-0 0046567 
-2.70933E-04 
-0 0055033 
1.69333E-05 
Response for 
Fit 
1347 
2250 
5100 
5580 
8967 
4790 
3567 
0660 
1347 
2250 
5100 
5580 
8967 
4790 
3567 
0660 
1347 
2250 
5100 
5580 
8967 
4790 
3567 
0660 
SE Fit 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
0.1905 
New Design Po 
(18 
(21 
(16 
(19 
(19 
(22 
(16 
(19 
(18 
(21 
(16 
(19 
(19 
(22 
(16 
(19 
(18 
(21 
(16 
(19 
(19 
(22 
(16 
(19 
95 
7308 
8212 
1062 
1542 
4928 
0752 
9528 
6622 
7308 
8212 
1062 
1542 
4928 
0752 
9528 
6622 
7308 
8212 
1062 
1542 
4928 
0752 
9528 
6622 
\ CI 
19 
22 
16 
19 
20 
22 
17 
20 
19 
22 
16 
19 
20 
22 
17 
20 
19 
22 
16 
19 
20 
22 
17 
20 
ints Using Model 
.5385) 
.6288) 
9138) 
9618) 
3005) 
8828) 
7605) 
4698) 
5385) 
6288) 
9138) 
9618) 
3005) 
8828) 
7605) 
4698) 
5385) 
6288) 
9138) 
9618) 
3005) 
8828) 
7605) 
4698) 
(18 
(21 
(15 
(18 
(19 
(21 
(16 
(19 
(18 
(21 
(15 
(18 
(19 
(21 
(16 
(19 
(18 
(21 
(15 
(18 
(19 
(21 
(16 
(19 
95 
3270 
.4173 
7023 
7503 
0890 
6713 
5490 
2583 
3270 
4173 
7023 
7503 
0890 
6713 
5490 
2583 
3270 
4173 
7023 
7503 
0890 
6713 
5490 
2583 
for 
i PI 
19 
23 
17 
20 
20 
23 
18 
20 
19 
23 
17 
20 
20 
23 
18 
20 
19 
23 
17 
20 
20 
23 
18 
20 
Film Bui 
.9424) 
.0327) 
3177) 
3657) 
7044) 
2867) 
1644) 
8737) 
9424) 
0327) 
3177) 
3657) 
7044) 
2867) 
1644) 
8737) 
9424) 
0327) 
3177) 
3657) 
7044) 
2867) 
1644) 
8737) 
Id 
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